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       Symbol     Definition 
a     Half crack length for a central crack, constant 
af     Final crack length 
ao     Initial crack length 
B     Breadth, width of plate 
c     A constant 
C     Material dependent constant 
Cp     Specific heat 
da /dN    Crack growth rate (crack length per cycle) 
E    Modulus of elasticity 
f     Load vector, restraining force 
ht     Tangent modulus 
DXZ    Dynamically Stirred action zone. 
HAZ     Heat-affected zone. 
TMAZ    Thermo-mechanical affected zone. 
K     Stress intensity factor (MPa√m) (SIF) 
Kc     Fracture toughness 
Kcrit     Critical stress intensity factor 
Kmax     Maximum stress intensity factor 
Kmin     Minimum stress intensity factor 
Kopen     Crack opening stress intensity factor 
vii 
 
Ks     Spring stiffness 
Kth     Theoretical stress concentration factor 
ΔK     Range of stress intensity factor 
ΔKth     Range of threshold stress intensity factor 
L     Length, latent heat of fusion 
m     Material dependent constant 
m (x, a)    Weight function 
N     Number of cycles 
n     Shape parameter 
Ni     Shape function 
Np     Fatigue crack propagation life 
r     Distance from crack-tip 
rol     Overload radius 
R     Stress ratio 
ro     Scale parameter 
rp     Plastic zone radius 
S     Nominal stress 
Sys     Yield stress (same as ζy) 
t     Thickness of plate 
ΔS     Range of stress 
Π     Total energy 
viii 
 
α     Weld toe angle 
δ     Crack opening displacement 
ε     Strain 
φ     Lennard-Jones surface potential 
γ     Surface energy per unit area 
η     Natural (local) coordinate, efficiency of welding 
κ     A coefficient, constant 
μ     Shear modulus 
ν     Poisson‟s ratio 
θ     Angle in radian 
π     Density 
ζ     Nominal stress (local) 
ζcr     Critical bonding strength 
ζy     Yield stress (same as Sys) 
ζοpen     Crack opening stress 












Friction-Stir-Welding (FSW) has been adopted as a major process for welding Aluminum 
aerospace structures. Al-2195, which is one of the new-generation Aluminum alloys that has 
been used on the external tank of the new super lightweight external tank of the space shuttle. 
The Lockheed Martin Space Systems (LMSS), Michoud Operations in New Orleans is 
continuously pursuing Friction-Stir-Welding technologies in its efforts to advance fabrication of 
the external tanks of the space shuttle. The future launch vehicles which will have to be reusable, 
m, an dates the structure to have good fatigue properties, which prompts an investigation into the 
fatigue behavior of the friction-stir-welded aerospace structures. The butt joint specimens of Al-
2195 and Al-2219 are fatigue tested according to ASTM-E647. The effects of: (i) Stress ratios, 
(ii) Corrosion Preventive Compound (CPC), and (iii) Periodic Overloading on fatigue life are 
investigated. Scanning electron microscopy (SEM) is used to examine the failure surface, and 
examine the different modes of crack propagation i.e. tensile, shear, and brittle modes. It is found 
that fatigue life increases with increase in stress ratio; the fatigue life increases from 30-38% 
with the use of CPC, the fatigue life increases 8-12 times with periodic overloading, , and crack 
closure phenomenon predominates the fatigue facture.  
Numerical Analysis in FEA has been used to model a fatigue life prediction scheme for 
these structures, the interface element technique with critical bonding strength criterion for 
formation of new surface has been used to model crack propagation. The Linear Elastic Fracture 
Mechanics (LEFM) stress intensity factor is calculated using FEA, and the fatigue life 
predictions made using this method are within acceptable 10-20% of the experimental fatigue 
life obtained.  This method overcomes the limitation of the traditional node release scheme, and 




1.1 Introduction to Fatigue Crack Growth 
Cracks compromise the integrity of engineering materials, and structures. Under applied 
stress, a crack exceeding a critical size will suddenly advance, breaking the cracked member into 
two or more pieces. This failure mode is called fracture. Even sub-critical cracks may propagate 
to a critical size if crack growth occurs during cyclic (or fatigue) loading. Crack growth resulting 
from cyclic loading is called fatigue crack growth (FCG). Because all engineering materials 
contain microstructural defects that may produce fatigue cracks, a damage tolerant design 
philosophy was developed to prevent fatigue failure in crack sensitive structures. Damage 
tolerant design acknowledges the presence of cracks in engineering materials, and is used when 
cracks are expected. Both sudden fracture, and fracture after FCG, must be considered as failure 
modes. Because initial critical defects are rare in well-designed engineering structures 
[Dowling,1999], FCG is of primary concern here. The stress intensity factor, K, was initially 
used to quantify crack-tip damage for fracture scenarios. Fracture was shown to occur when the 
crack-tip stress intensity factor reached a critical value, Kc, independent of crack size or net 
applied stress [Irwin,1957]. This observation led to the concept of crack similitude, i.e. cracks of 
different length will fracture at the same Kc. Fracture mechanics analysis, and crack similitudes 
were modified for fatigue cracks by Paris [Paris,1963]. Fatigue crack growth rates (increment of 
crack growth per load cycle, da/dN) were related to ∆K, the cyclic range of crack-tip stress 
intensity, for constant amplitude loading. A schematic of typical constant amplitude load cycles 
are shown in Figure 1.1, where the stress intensity factor, K, is plotted as a function of time. As 
indicated by the solid curve, the stress intensity factor oscillates between minimum and 
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maximum values, Kmin and Kmax, respectively. Arrows indicate change in K with increasing time. 
∆K is shown schematically on the right side of the figure, and is defined as (Kmax - Kmin). Another 
useful parameter to describe constant amplitude loading is the load ratio, R, defined in the figure 
(lower right corner) as the ratio of Kmin, and Kmax (i.e., R = Kmin / Kmax). Paris implied that 
similitude exists for fatigue cracks subject to the same ∆K. In other words, fatigue cracks of 
different length but subject to the same ∆K will grow at the same FCG rate, da/dN. Therefore, 
FCG data obtained from laboratory specimens (of convenient size) can be used to predict the 












Figure 1.1: Schematic of constant amplitude load cycles, where the crack-tip stress 
intensity factor, K, is plotted against time 
1.2 Fatigue Crack Growth Behavior of Engineering Metals 
A schematic of typical (constant R) FCG behavior for engineering metals is shown in 
Figure 1.2, where the logarithm of FCG rate, log (da/dN), is plotted against log (∆K). FCG 
behavior, indicated by the solid curve, is divided into three distinct regions by vertical dotted 
lines in the figure. At intermediate values of ∆K, (typically between 5, and 20 MPa m
1/2 
for 
aluminum alloys at R = 0) the FCG curve is nearly linear on log-log plots. This region, called the 
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Paris regime, is labeled in Figure 1.2. Taking advantage of this linear relation, Paris presented an 
equation relating FCG rates (da/dN) to ∆K using two empirical material parameters (C , and m) 
as shown in Equation 1.1 [ASTM,1999]. The slope of the FCG curve in the Paris regime, m, is 
shown on the figure and ranges from 2 to 4 for most engineering metals. As ∆K increases beyond 
the Paris regime, unstable crack growth occurs. This region is shown to the right of the Paris 
regime in Figure 1.2. Here, the FCG curve becomes steep (i.e. da/dN increases rapidly with 




As ∆K decreases into the threshold region, the FCG curve becomes steep as da/dN 
rapidly decreases with ∆K reduction. Presumably, a threshold ∆K is reached, ∆Kth, below which 
no detectable FCG occurs. Threshold FCG is of practical interest for two reasons. 
First, the concept of FCG threshold is useful from a design stand point. For applications 
where initial cracks or defects are unavoidable, FCG (ultimately leading to failure) can be 
avoided if ∆K < ∆Kth. Second, under constant cyclic loads a (naturally forming) fatigue crack 
grows faster as crack length increases, so the majority of fatigue life is spent propagating a small 
crack under threshold conditions. Paris and unstable FCG behavior are typically limited to a 
small portion of the total fatigue life. 
1.3 Damage Tolerant Design 
Damage tolerant design was developed to prevent structural failure of components where 
fatigue cracking is likely. Fatigue life is calculated using service conditions, known FCG 
behavior, and crack sizes found by careful inspection procedures. If no crack is found, the most 













Figure 1.2: Schematic of typical FCG data. Plotted as log (da/dN) vs. log (∆K), the FCG 
behavior is divided into three regions (Threshold, Paris, and Unstable FCG regions) 
This conservative design philosophy has been successfully used when FCG and fracture 
limits the service life of a structure. Using damage tolerant analysis, failure can be prevented by 
two means: 
1. Limiting service life to the cycles required for the longest crack to propagate to 
failure 
2. Ensuring that the most damaging (longest) crack will not propagate, i.e. ∆K < ∆Kth 
The latter option is most attractive when designing for long fatigue lives, and is the 
subject of this discussion. In these cases, ∆Kth and Kc are used as design parameters for FCG and 
fracture, respectively. An idealized schematic of ∆K versus Kmax is shown in Figure 1.3. Values 
corresponding to ∆Kth and Kc are labeled in the figure. If Kmax exceeds Kc, fracture will occur as 
indicated on the right side of Figure 1.3. At ∆K> ∆Kth, FCG will occur (likely leading to 
fracture) as shown at the top of the Figure 1.3. A safe region exists where, ∆K < ∆Kth , and Kmax 
< Kc, indicated by the shaded region at the bottom of Figure 1.3. Existing cracks are considered 
benign if the crack-tip stress state lies within these safe bounds. 
Damage tolerant design has been used to decrease structural weight (reducing cost and 
increasing performance) without sacrificing safety. The most common way to reduce ∆K (below 
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∆Kth) in an engineering component is to decrease stress levels. Because stress reduction is 
normally accomplished by increasing the load bearing area, increased weight results as an 
undesirable by-product. Weight increases are especially troublesome for aircraft and spacecraft 












Figure 1.3: Schematic of ∆K plotted against Kmax, used to demonstrate the philosophy of 
damage tolerant design 
Optimal design (between weight and fatigue criteria) of high-performance lightweight 
structures requires service loads to be just within safe limits. For fatigue loading, it is 
advantageous for ∆K (service loading) to approach, but not exceed ∆Kth. Such a design criterion 
requires an appropriate value for ∆Kth and a good understanding of the variables that influence 
threshold FCG. Any variation of ∆Kth is potentially dangerous. 
1.4 Motivation and Objectives 
Friction Stir Welding (FSW) is the most popular method for joining aluminum alloys 
because it can produce welds with less distortion, more reproducible properties than can be 
obtained by fusion welding, and post-weld residual stresses are the minimum. Extensive research 
has been accomplished on developing the FSW process for the aluminum alloys used in 
aerospace applications. However, the fatigue crack propagation behavior of the friction-stir-
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welded Al-2195 alloy has not been reported extensively in the open literature. The future launch 
vehicles will have to be reusable; this mandates the materials to have good fatigue properties, 
which prompts an investigation into the fatigue behavior of the friction-stir-welded Al-2195 
alloy. The friction-stir-welded butt joints of Al-2195 alloy were subjected to fatigue loading 
under ambient and humid environments. Variable amplitude loading was also studied with 
overloads at periodic intervals; its effect on fatigue life is important since aerospace structures 
are subjected to different types of loading. The joints that are subjected to varying environmental 
conditions also prompt a study into the effect of using a corrosion preventive compound on the 
joints, and its effect on fatigue life. In addition to the analysis of the experimental data, it is also 
imperative to study the effect of the microstructure, and the complex crack closure phenomenon 
affecting fatigue life. 
Numerical analysis involving a fatigue life prediction scheme using a FE model will be 
useful to make better design decisions for damage tolerant design. Numerical analysis was based 
on the Linear Elastic Fracture Mechanics (LEFM) theory. Finite element analysis, with the 
model being subjecting to cyclic loading and a non-linear solution method was used to evaluate 
the fracture mechanics parameters like Stress Intensity Factor (SIF), this is the basis on which 
fatigue life prediction scheme has been modeled. Apart from the traditional method of crack 
propagation in Finite Element Analysis (FEA) involving a node release scheme after every cycle, 
the new method of using non-linear interface elements on a predefined crack path to better 
simulate the physics of crack propagation phenomenon has been used to predict the fatigue life 
of the welded butt joint, and this method can be used to predict the fatigue life of FSW joints. 
The versatility of FEA can be used to predict the fatigue life of different kinds of joints in future. 
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2 LITERATURE REVIEW 
2.1 Welding Al-Li Alloys 
Aluminum alloys have traditionally been used in aerospace structures. Aluminum alloys 
are known for their light-weight, and toughness which makes them ideal for use in aerospace 
structures. Aluminum lithium alloy Al-2195 is the new age material being used in the 
construction of the Space-Shuttle‟s external tank, and other aerospace applications for its 
attractive combination of low density, high specific modulus, and excellent fatigue, and 
cryogenic properties. 
Aluminum alloy structures used in aerospace applications are subjected to different kinds 
of high stress loading during takeoff, landing, supersonic speed maneuvering, and extraordinarily 
high gravitational forces. Cyclic loading and sudden overloads produce extremely high stresses 
on the wing structure. Traditional methods of joining like riveting is being used because of the 
difficulty faced while welding aluminum alloys. FSW which is a novel method of joining 
difficult to weld aluminum alloys can be used to build aircraft structures. 
2.2 Problems with Welding Aluminum Alloys 
Majority of aluminum alloys can be welded by conventional arc welding processes like 
gas metal arc welding (GMAW or MIG), Tungsten Inert gas welding (TIG) as well as high 
energy processes like laser-beam, and electron-beam welding. Fusion welding aluminum alloys 
poses certain difficulties because of the presence of tenacious oxides, high thermal conductivity, 
a high coefficient of thermal expansion, solidification shrinkage almost twice that of ferrous 
alloys, relatively wide solidification temperature ranges, high solubility of hydrogen when 
aluminum is in the molten state, and weld porosity. Proper plate surface, edge cleaning, the need 
8 
 
for special filler wires, and weld pool shielding used in an inert gas atmosphere are usual 
practices when fusion welding aluminum alloys. Gas porosity is pertinent to all alloys, but heat 
treatable Al-alloys such as the 2xxx, 6xxx, and 7xxx series, are more crack sensitive, and thus 
more difficult to fusion weld [Cam,1999; Leinert T.J,2002] because these cannot withstand the 
contraction stresses generated when the weld metal solidifies, and cools. Cracking can occur in 
aluminum alloys because of high stresses generated across the weld due to the high thermal 
expansion, and subsequent contraction upon solidification. 
The degree of degradation of the heat-affected-zone (HAZ) is also of prime concern in 
arc welding of aluminum alloys. Conventional arc welding process (TIG, MIG and GMAW) 






, arc intensity and at times must be used in 
conjunction with very slow welding speeds (< 15 mm/s). This can lead to excessive heat input 









Figure 2.1: Comparison of weld heat input with FSW, and MIG welding to give a full 
penetration of welds for 4 mm thick plate of aluminum-magnesium alloy [Bhat,2001] 
The higher heat input of the conventional fusion weld results in a coarse fusion zone 
microstructure characterized by a large dendritic microstructure, and a wide HAZ. The high 
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thermal gradient from the weld into the base metal in laser beam and electron beam welding 
creates very limited metallurgical modifications, and as a result crack sensitivity is reduced. The 
HAZ produced using these processes is also very narrow due to the low heat input into these 
regions, and thus problems of grain coarsening is limited. However due to the very high 
temperature experienced in the fusion zone the loss of some elements like the vaporization of Mg 
may occur. The loss of such strengthening elements potentially degrades the mechanical 
properties of the weld by affecting the weld pool chemistry [Leinert T.J,2002]. Microstructural 
changes taking place in the region of the weld, i.e. segregation of alloying elements, and 
consequent formation of non-strengthening coarse particles in addition to the depletion of solid 
solution strengthening elements in the matrix, or loss of strengthening precipitates (dissolution), 
degrades the mechanical properties in the fusion zone. The loss of any such elements potentially 
degrades the mechanical properties of the weld by affecting the weld pool chemistry [Leinert 
T.J,2002]. It also leads to the fact that the strength of the fusion zone cannot be restored to that of 
the base or parent material via the use of a post-weld heat treatment, principally due to the 
depletion of these alloying elements. The coarsening of strengthening precipitate in the over aged 
HAZ also reduces the strength in the HAZ region, which in turn, cannot be restored by the use of 
filler wire [Leinert T.J,2002]. Figure 2.2 is characteristic of a laser beam weld with very narrow 
HAZ.  
Microhardness profiles are generally an indication of the extent, and distribution of the 
heat input into a weld. The higher the hardness value, the lower the heat input. Figure 2.3 
highlights that for all processes the lowest hardness value is typically seen to occur some 
millimeters removed from the weld in the HAZ. In the case of the laser beam with smaller HAZ 
can be attributed to the fact that there exists a tremendous temperature differential between the 
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molten metal, and the base metal immediately adjacent to the weld. Here, heating and cooling 
rates are much higher than in arc or friction-stir-welds meaning that the HAZ in a laser beam 




















Figure 2.3: Microhardness profiles as observed for 6056-T4 alloy welded using different 
processes. The lowest value of hardness can be seen to occur in the HAZ several millimeters 
removed from the weld centre line [Bhat,2001] 
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2.3 Friction-Stir-Welding (FSW) 
FSW is a thermo-mechanical solid state joining process i.e. no bulk melting of the base 
metal occurs during welding. The process was developed, and then patented by The Welding 
Institute (TWI) of Cambridge in 1991. Mechanisms of heating and forging are readily identified 
in FSW.  
The simplest mechanical arrangement involves two cylindrical bars held in axial 
alignment. In Figure 2.4, one of the bars is rotated while the other is advanced. Under a pre-
selected pressure the parts to be joined are then brought together. Unlike friction welding, there 
is no substantial collar or material upset expelled from the immediate weld zone. Hence heat 
input and heat lost during FSW must be influenced through means of processing parameters, 




Figure 2.4: Rotary friction welding 
Welding, which is in solid state is achieved by plastic flow of frictionally heated material. 
The hot metal is constrained by the colder surrounding material between the tool shoulder and 
the backing plate forcing it to flow around the rotating probe forming a joint. Friction-stir-welds 
are produced by plunging a rotating and non-consumable tool, comprising of a shoulder and a 
pin into the joint-line between the work-pieces. The tool with a profiled surface is plunged until a 
portion of the tool shoulder comes in contact with the top surface of the work-piece. The 
penetration depth is determined by setting an axial force for fore controlled FSW machines or by 
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estimating the plunge depth for position controlled FSW machines. The level of penetration is 
dependent on the composition of the alloy, material thickness, and rigidity of the welding 
machine. The heat produced by friction results in a reduction of flow stress of the work-piece 
material in the immediate vicinity of the tool. The tool is then traversed along the joint between 
the work-pieces. Often the tool pin possesses a special profile, which when rotated enables 
horizontal as well as vertical movement of the thermally softened material. The softened material 
is then forced to flow by the forward motion of the tool from the front to the back of the pin 
where it cools and consolidates [Zettler,2006]. A schematic of the process of FSW is presented 








Figure 2.5: FSW depicting a plunged and rotating tool traversing the work piece 
[Bhat,2001] 
Shortly after the invention, and subsequent patenting of FSW by TWI [Thomas,1986], 
the process was systematically examined for the welding of various aluminum alloys with 
material thickness ranging between 1.2 mm and 10 mm. FSW tool development for aluminum 
alloys up to 6mm thick proved so successful that the technology has been used on a number of 
major industrial applications. These applications include the fabrication of the Space-Shuttle 
external fuel tank for NASA/Lockheed Martin. Delta rocket fuel tanks and T45 undercarriage 
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doors for Boeing have also used this fabrication technique. Further applications include heli-
decks, bulkheads, the decks of ships in the ship building, and maritime industries as well as 
many applications in the aerospace, and to a lesser extent the automotive industry, particularly 
where structural welds in high strength aluminum alloys are concerned [Bhat,2001]. 
The process of FSW has demonstrated a number of advantages over competing, and 
conventional arc fusion welding processes. This is because of the exceptional properties, the hot 
forged friction-stir-welded joint delivers. Some of the advantages are derived from the fact that: 
1. FSW occurs with the work piece material in the joint zone remaining in a solid state. 
Hence there is no bulk melting, thereby eliminating the problems associated with hot 
cracking or porosity development in the weld. Aluminum alloys have demonstrated a 
tendency to hot crack when the severity of deformation is too great. 
2. The process produces lower levels of distortion in the work pieces compared to fusion 
welding as the material remains in a solid state and temperature generated are thereby 
very much reduced for FSW when compared to fusion welding. 
3. No filler wire or shielding gas is required when FSW aluminum, and its alloys. 
4. No fume, no spatter, and no UV radiation are produced during FSW, therefore the 
process can be considered environmentally friendly. 
5. FSW uses readily available machine tool technology, and as such is easily automated thus 
reducing the need for highly skilled operators. 
6. FSW can be used in any orientation. The work piece material remains in a solid state 
throughout the joining process. 
7. No special edge or joint preparation is required. Several weld geometries are presented in 
the Figure 2.6. 
14 
 
8. The FSW process produces a weld with exceptional mechanical properties, which for 
aluminum alloys equal or exceed those obtained by competing joining processes.  
9. FSW can be used to join dissimilar, and difficult to weld materials. Apart from 
aluminum, industrial materials which have been shown capable of being friction-stir-






Figure 2.6: Joints processed with FSW [TWI,2005] 
Although the FSW process has many advantages it does have some disadvantages. One 
of the disadvantages is that FSW uses a relatively slow weld travel speed in comparison to fusion 
welding processes such as laser beam welding. This however cannot be said for thick welds. 
Here friction-stir-welds can be produced in a single pass unlike fusion welds which require 
multiple passes. 
Rigid clamping of the work piece is seen as another limit of the process. Until now the 
work piece has always been fixed to a backing bar or anvil through mechanical connections, and 
clamping devices like screws, and U-bolts etc. Difficulty in automating the clamping process 
forces intervention of an external operator during mounting, and dismounting of the work piece. 
A vacuum operated clamping system reduces the setup time considerably, but it does not solve 
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the problem as an operator is still necessary to ensure correct fit up. Rigid clamping is required to 
overcome high axial/forging forces. This means that relatively robust machines are required thus 
limiting portability of the process. Another disadvantage of the FSW process is that a hole is left 
by the pin at the end of each weld. This hole in most cases is not desired because a void is left in 
the region of the weld joint, which means that this section at the end of the work piece cannot be 
used. Tools such as the retractable pin tool however have demonstrated a methodology to 
overcome this problem [Bhat,2001]. Extensive research has been conducted in developing the 
FSW process for the aluminum alloys used in aerospace applications. However, the fatigue crack 
propagation behavior of the friction-stir-welded Al-2195 alloy has not been reported in the open 
literature. The future launch vehicles, which will have to be reusable, mandate the material to 
have good fatigue properties. 
In welded joints cracks generally initiate due to fatigue loading, and the crack propagates 
with periodic cyclic loading. Crack growth data of welded structures under fatigue load is 
necessary for the application of fracture mechanics methods to evaluate the residual life of 
welded structures. From the fatigue crack growth data it is possible to take a decision whether a 
crack needs to be repaired or the whole structure needs to be replaced. Therefore the motivation 
of this work is to investigate fatigue crack growth behavior for FSW Al-2195/2219 joints both 
experimentally and numerically in corrosive and noncorrosive environment, under constant and 
variable amplitude conditions. 
2.4  Microstructural Features 
The solid-state nature of the FSW process, combined with its unusual pin-tool, and 
asymmetric nature, results in a highly characteristic microstructure. While some regions are 
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common to all forms of welding, some are unique to the technique. While the terminology is 








Figure 2.8: Cross- section view of the FSW regions in Ti-6Al-4V [John,2003] 
The stir-zone (also nugget, dynamically re-crystallized zone) in Figure 2.8 is a region of 
heavily deformed material that roughly corresponds to the location of the pin during welding. 
The grains within the stir-zone are roughly equiaxed, and often an order of magnitude smaller 
than the grains in the parent material. A unique feature of the stir-zone is the common occurrence 
of several concentric rings which has been referred to as an „onion-ring‟ structure. The precise 
origin of these rings has not been firmly established, although variations in particle number 
density, grain size, and texture have all been suggested. The flow arm is on the upper surface of 
the weld, and consists of material that is dragged by the shoulder from the retreating side of the 
weld, around the rear of the tool, and deposited on the advancing side. The Thermo-
Mechanically-Affected-Zone (TMAZ) shown in Figure 2.7 occurs on either side of the stir- zone. 
In this region the strain and temperature are lower, and the effect of welding on the 
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microstructure is correspondingly smaller. Unlike the stir-zone the microstructure is 
recognizably that of the parent material, albeit significantly deformed, and rotated. Although the 
term TMAZ technically refers to the entire deformed region it is often used to describe any 
region not already covered by the terms stir-zone, and flow-arm. The 'Heat-Affected-Zone' 
(HAZ) shown in Figure 2.7 is common to all welding processes. As indicated by the name this 
region is subjected to a thermal cycle but is not deformed during welding. The temperatures are 
lower than those in the TMAZ but may still have a significant effect if the microstructure, and is 
thermally unstable. In fact, in age-hardened aluminum alloys this region commonly exhibits the 
poorest mechanical properties. 
2.5 Theory and Mechanisms of Fatigue Failure 
AI-Li alloys exhibit an extremely prominent role of crack-tip shielding, which largely 
accounts for their unique crack propagation behavior. The specimen orientation is seen to have a 
strong effect on the fatigue crack- growth behavior, with the lowest fatigue threshold obtained at 
45
0
 degrees to the rolling direction. The observed variation is also attributed to the strong 
crystallographic texture in the material that resulted in macroscopic crack deflection, and 
microscopic zigzag cracking along the slip b, and s {1 1 1} [Ritchie,2000]. 
The sensitivity of crack-growth rates in Al-Li alloys, da/dN, to the applied stress intensity 
factor, K, for example, is markedly higher than in most metals. The notion that crack growth is a 
mutual competition between intrinsic microstructural damage mechanisms, and extrinsic crack-
tip shielding mechanisms provides a useful framework to compare fatigue mechanisms of ductile 
and brittle materials. Intrinsic mechanisms are defined as those which promote crack extension 
via processes at or ahead of the crack-tip, while extrinsic mechanisms operate behind the crack-
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tip, and typically retard crack-growth. 
2.6 Intrinsic and Extrinsic Mechanisms 
Resistance to crack extension results from a competition between two classes of 
mechanisms (Figure 2.9). Crack-growth is promoted ahead of the crack-tip by intrinsic 
microstructural damage mechanisms, and impeded by extrinsic mechanisms acting primarily 
behind the crack-tip, which serve to screen the crack-tip from the far-end driving force. In 
metals, intrinsic damage mechanisms under cyclic loading typically involve blunting, and 
resharpening of the crack. Extrinsic shielding mechanisms conversely, result from the creation of 
inelastic zones surrounding the crack-wake or from physical contact between the crack surfaces 
via wedging, bridging, sliding or combinations thereof [Rao,1988]. Intrinsic mechanisms are an 
inherent property of the material, and thus are active, irrespective of crack size or geometry. 
They control driving forces (or stress intensities) necessary to initiate cracking. 
Extrinsic mechanisms, conversely act in the crack-wake, and are thus dependent on 
crack-size and specimen-geometry. Moreover, since extrinsic mechanisms have little effect on 
crack-initiation the microstructural factors affecting crack-growth (when cracks are large and 
possess a fully developed wake) may be quite different from those affecting crack initiation 
(when cracks are small and possess no wake). Dominant toughening mechanisms in ductile 
materials are intrinsic e.g. mobile dislocation activity and the associated crack-tip plasticity 
(although under cyclic loads extrinsic mechanisms play a critical role in the form of crack-
closure). In contrast, brittle materials are invariably toughened extrinsically. As a short crack 
grows under constant load the crack-tip stress intensity factor increases, which leads to a change 
in crack propagation mode. At low stress intensities, fatigue cracks propagate along slip b, ands 
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emanating from the crack-tip. This mode of crack growth is called “Stage I”, and is characterized 
by rough and faceted crack surfaces [Rao,1988]. Higher closure levels associated with rough 
crack paths have been suggested as the cause of FCG threshold [Elber,1970]. As ∆K increases, 
the number of active slip-planes increase leading to smoother crack surfaces. This crack 
propagation mode, characterized by relatively smooth but striated crack surfaces, is called “Stage 
II” crack growth. Short fatigue cracks subject to increasing ∆K generally graduate from Stage I 









Figure 2.9: Schematic illustration of mutual competition between intrinsic mechanisms of 
damage/crack advance, and extrinsic mechanisms of crack-tip shielding involved in crack 
growth [Rao,1988] 
During long crack threshold, this transition occurs in reverse (from Stage II to Stage I) as 
∆K is decreased. Stage-I and Stage-II fatigue crack-paths are shown schematically in Figure 
2.10. A rough and faceted Stage I crack is illustrated in part (a), while a (relatively) smooth, and 
striated Stage II crack is shown in part (b). Load ratio effects associated with microstructure are 
not limited to Roughness Induced Crack Closure (RICC). For example, crack-tip damage during 













Figure 2.10: Comparison of (a) faceted Stage-I and (b) striated Stage-II crack paths 
2.7 Environment and Corrosion Fatigue 
Environment affects threshold FCG in several ways. The formation of a voluminous 
oxide layer in the crack mouth (a product of environment) affects the closure behavior of fatigue 
cracks. Environment also influences intrinsic (closure-free) FCG threshold behavior. For 
example, the most damaging component of laboratory air is water vapor. As suggested by Wei 
[Wei,1981,1983,1984], oxidation of freshly formed crack surfaces in humid air produces free 
atomic hydrogen that is drawn into the crack-tip process zone.  
 Hydrogen is generated by the reaction of environmental species such as gaseous 
hydrogen, water vapor, seawater, and so forth, with the newly cracked material at the crack-tip. 
This hydrogen is absorbed at the metal surface, and then transported by diffusion into the highly 
stressed region (plastic zone) at the crack-tip; Hydrogen embrittlement weakens the material 
ahead of the crack producing accelerated FCG. 
Additionally, environment can affect the deformation characteristics at the crack-tip (i.e. 
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crack-tip slip behavior) [Kirby,1979; Suresh,1984], and hydrogen embrittlement increases the 














Figure 2.11: Various sequential processes involved in corrosion fatigue crack growth in 
alloys exposed to aggressive environments [Wei,1989] 
Several hydrogen-assisted cracking mechanisms have been proposed to explain how 
hydrogen enhances corrosion fatigue crack growth rates. Some of the principles are briefly 
discussed below. These three principles are the lattice decohesion mechanism, surface adsorption 
mechanism, and hydrogen enhanced plasticity mechanism. These three are explained in detail 
below:  
1. The lattice decohesion mechanism postulates that the hydrogen as a solute decreases 
the cohesive bonding forces between metal atoms. Crack growth occurs when the 
local tensile stress in the crack-tip region exceeds the hydrogen-weakened inter-
atomic cohesive strength. This mechanism is difficult to prove on the atomic scale. 
2. The surface adsorption mechanism proposes that strongly adsorbed hydrogen at the 
surface serves to lower the surface energy of the metal needed for crack extension. If 
the classic theory of the Griffith criteria for crack propagation is adopted, it facilitates 
crack extension, and increases the crack growth rate. The end results of these two 
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mechanisms are the same in that the critical crack-tip drive force required for 
advancing the crack is reduced by the presence of hydrogen. One of the major 
deficiencies in the surface adsorption mechanism is centered on the generally large 
amount of plastic deformation energy that accompanies crack growth. The plastic 
deformation energy is usually much larger than the relatively small surface energy 
(about 1000 to 1). Thus, even a large reduction in surface energy due to hydrogen 
adsorption should not markedly affect the fracture stress. Another discrepancy is that 
other environmental species, such as oxygen, and nitrogen, are also strongly adsorbed 
to the clean metal surfaces, and have the potential to reduce surface energy to a 
greater extent than hydrogen. Yet, neither oxygen nor nitrogen accelerates crack 
growth rates like hydrogen does.  
3. Hydrogen enhanced plasticity mechanism: In contrast to previous hydrogen-assisted 
cracking mechanisms that suggest hydrogen “embrittles” the material, and thus 
reduces that driving force required for crack extension, the hydrogen enhanced 
plasticity mechanism proposes that hydrogen assists the process of plastic flow by 
enhancing the dislocation mobility at the crack-tip. By recognizing that the three 
major categories of fracture paths, namely micro-void coalescence, cleavage, and 
inter-granular cracking, which are observed in benign environments are also produced 
in environmentally assisted cracking; it is argued that hydrogen in the lattice merely 
assists these fracture processes. 
4. Anodic dissolution is commonly referred to as active path dissolution, slip 
dissolution, strain/stress enhanced dissolution, and surface film rupture dissolution. 
Crack growth rates are enhanced by these mechanisms along susceptible paths such 
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as grain boundaries. In corrosion fatigue cracking, the anodic dissolution mechanism 
depends on the rupture of the protective film at the crack-tip, and the subsequent 
repassivation of the newly exposed fresh metal surface. Corrosion fatigue crack 
growth rates will be controlled by the bare surface anodic dissolution rate, the rate of 
repassivation, the rate of oxide film rupture, mass transport rate of reactant to the 




) ~ 0.1 to 0.2], it has been 
demonstrated that very long cyclic periods (lower frequency) produce much larger 
environmental effect on fatigue crack growth [Van Der Sluys,1986] 
2.8 Variables Affecting Corrosion Fatigue 
In corrosion fatigue crack growth analysis, the mechanical driving force is normally 
characterized in terms of the fracture mechanics parameters such as the crack-tip stress intensity 
factor, K, or stress intensity factor range, ΔK. While environmental crack growth rates increase 
with increasing ΔK, the specific dependency varies greatly. Corrosion fatigue dependence can be 
broadly characterized into the following variables: 
2.8.1 Effect of Fatigue Frequency 
Figure 2.12 shows that the environmental effect is much more pronounced at lower cyclic 
frequencies than that at higher frequencies. The fatigue crack growth rates at 0.1 Hz are higher 
than those obtained at 4 Hz at a load ratio R = 0.1. The effect on growth rate per cycle of a given 
hostile environment is usually greater at slower frequencies, where the environment has more 
time to act. 
2.8.2 Effect of Environment 
Crack growth is caused by hostile chemical environment. Hostile chemical environments 
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often increase fatigue crack growths, with certain combinations of material, and environment. 
The term corrosion fatigue is often used when the environment involved is a corrosive medium, 












Figure 2.12: Room-temperature fatigue crack growth kinetics of AISI 4340 steel in 
dehumidified argon, and in water vapor (585 Pa) at R = 0.1 [Pao,1979] 
As mentioned above, the embrittling substance appears to enhance the breaking of 
chemical bonds in the highly stressed region of the crack-tip. Embrittlement and hence crack 
growth can occur even where the harmful substance is not present as an external environment. 
For example, it is sometimes the case for hydrogen cracking of metals. Even the moisture and 
gases in air can cause environmental crack growth in some materials. The use of most 
engineering materials relies on the presence of a kinetic surface barrier (passivity) to reduce the 
oxidation rate to manageable proportions. When passivity is disturbed (e.g., by local strains in 
the underlying material), the reaction (oxidation) rate of the exposed metal is generally very high 
as the protective film is reformed (as repassivation occurs). The maximum environmental 
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contribution can be predicted by measuring the dissolution rate in a bare metal surface. Figure 
2.13 shows that, compared to vacuum, the crack propagation rate of high-strength steel is 4 times 
higher in moist air, 100 times higher in sodium chloride solution, and 1000 times higher in 
gaseous hydrogen. 
2.8.3 Effect of Waveform 
While cyclic load waveform has little effect on the fatigue crack growth rates in benign 
environments, available data indicates that corrosion fatigue crack growth rates in aggressive 
environments is highly dependent on the shape of the cyclic load waveform. For example, Figure 
2.14 shows that corrosion fatigue crack growth rates in a 3% sodium chloride solution under both 
square and negative saw-tooth waveforms, which have very short rising load periods, are 


















Figure 2.13: Room-temperature corrosion fatigue crack growth rates (effect of 
environment on fatigue crack propagation in 4130 steel with a yield strength of 1330 MPa. 


















Figure 2.14: Effect of load ratio on the corrosion fatigue crack growth rates of MF-80-
HSLA steel in 3.5% NaCl solution [Pao,1996] 
2.8.4 Effect of Temperature  
Temperature may influence the environment/metal surface reactions. Temperature is 
expected to affect corrosion fatigue crack growth rates. In general, corrosion fatigue crack 
growth rates increase with increasing temperature. In this study, the effect of temperature on 
fatigue crack growth is disregarded, and all tests are carried out at constant room temperature. 
2.8.5 Metallurgical Variables  
Microstructure, and alloy strength influence fatigue crack propagation in embrittling 
gases and liquids. In general, brittle corrosion fatigue cracking is accentuated by impurity (e.g., 
phosphorus or sulfur) segregation at grain boundaries  
1. Planar deformation associated with ordering or peak aged coherent precipitates  
2. Increased yield strength or hardness  
3. Surface treatment. 
The effects of alloy composition, grain size, and microstructure vary with environment, 
and brittle cracking mechanism. 
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2.9 Effect of Corrosion-Prevention-Compounds (CPC) on Fatigue Crack 
Growth 
Crack growth data generated under constant amplitude fatigue loading of center pre-crack 
tension specimens at various stress ratios, frequencies, and exposure levels are employed to 
study the influence of Corrosion-Prevention-Compounds (CPC: LPS-3 Heavy duty, corrosion 
inhibitor) on fatigue life under corrosive environments (water-vapor). The product description of 
LPS-3 is mentioned in Chapter 3. It has generally been assumed that if a structure is fully 
protected against corrosion it will maintain the same fatigue life as it would have if there were no 
corrosive environment present. Specimens treated with Corrosion-Prevention-Compounds (CPC) 
have been found to exhibit crack growth rates, and fatigue lives in distilled water, and acidic 
environment similar to those of specimens tested in ambient air environment[Barsom J.M.,1971; 
Adams,1972]. 
The combined effect of treatment with CPC on the corrosion fatigue life would be a 
compromise between the beneficial effect (exclusion of moisture, and prevention of oxidation at 
the crack-tip), and the detrimental effect of the reduced friction between fraying surfaces (due to 
the lubricative effect of the corrosion prevention itself). To understand this complex conflicting 
phenomenon, the study of the effect of CPC on the crack growth behavior in center pre-crack 
friction-stir-welded aerospace aluminum alloys (2195-T8 & 2219-T8) specimens under 
environmental conditions (water-vapor), and the influence of stress level, and stress ratios on this 
effect is required. These studies about the synergistic actions of corrosion, and fatigue, however, 
have produced diverse and wide range results. The reason is partly due to the large number of 
variables involved with this type of material behavior. The exact degree to which corrosion 
affects fatigue life depends on factors that influence fatigue such as stress level, frequency, stress 
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amplitude, stress ratio , and stress history, as well as on corrosion parameters such as the type of 
environments (vacuum, dry air, water-vapor, and salt-vapor), and exposure time. But, in general 
the exposure to corrosive environment either prior to fatigue or during the cyclic loading 
significantly reduces the life of the component. The primary characteristics of corrosion fatigue 
life are that the crack growth rates can be substantially higher in the corrosive environment, 
because it reduces the fatigue life of crack initiation or it increases the crack growth rate or both.  
2.10 Materials for Aerospace Structures 
2.10.1 Aluminum Alloy 2219 
Aluminum alloy 2219 is a commercial wrought alloy commonly used in the aerospace 
industry. As tested, the material was rolled into a sheet with a final thickness of 4mm, and had a 
temper designation of T3 (solution heat treated at 540
0
C, cold worked and naturally aged). For 
rolled sheets, and plates, the longitudinal direction (L) corresponds to the rolling direction. The 
short-transverse (S) direction is normal to the surface of the sheet product (i.e. in the thickness 
direction), while the long transverse (T) direction is normal to both (L), and (S) directions. A 
surface is described by the material direction normal (perpendicular) to that surface (e.g. L, T, 
and S indicate surfaces normal to the longitudinal, long-transverse, and short-transverse 
directions, respectively). Micrographs of the three material orientations (for 2219 aluminum) are 
cropped, and arranged so that an observer appears to be looking at a cube of the material as 
shown in Figure 2.15. Micrographs arranged in this way are called orthogonal metallurgical 
cubes. The micrographs of Figure 2.15 were polished and etched (exposed to Keller‟s reagent for 
10 seconds) to highlight metallurgical features such as grain boundaries, and particles. Due to the 
rolling process, grains are elongated in the rolling direction (L), and to a lesser extent in the long-
transverse direction (T). The grains are very thin in the short-transverse (S) direction, so grains in 
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this sheet alloy have a “pancake” shape. Scale is indicated in the legend, and material directions 
are shown by arrows. When describing the orientation of FCG specimens, two orientations are 
used. The first orientation corresponds to the direction of applied loads, while the second 
describes the direction of FCG. Aluminum alloy 2219 FCG specimens were of the L-T 
orientation, as indicated by the FCG specimen schematic in Figure 2.15. For the orientation used 
here, the longitudinal plane (L) is the plane of the fatigue crack surface (as presented in Figure 
2.15. The nominal composition of 2219 is 6.3% Cu (by weight), 0.2% Mn, and 0.02% Mg, 
0.15% Zr, 0.1% Zn, 0.06% Ti, 92.57% Al, 0.2% Si, 0.3% Fe. 
2.10.2 Aluminum-Lithium Alloy (Al-2195) 
The 2195 aluminum-lithium alloy in the super lightweight external tank (SLWT) of the 
space shuttle is only 5% lighter than the 2219 aluminum alloy used in the current lightweight 
external tank. But its 30% greater strength at cryogenic temperatures results in a significant 
weight savings. Overall, the SLWTs are 7500 lb lighter than the older external tanks. Very little 
lithium is used in the 2195 aluminum-lithium alloy; Al–Li alloy 2195 is a candidate material for 
the next generation of space shuttle [Blankenship Jr,1991; Slavik,1993]. 
Its high specific strength and stiffness will improve lift efficiency, fuel economy, 
performance, and would also increase payload capabilities of air, and spacecrafts. Al-2195 with 
a chemical composition of (wt.%) 3.98 Cu, 0.96 Li, 0.36 Mg, 0.28 Ag, 0.15 Zr , and balance Al 
was used in this work. the 2195-T8 alloy consisted of pancake-shaped grains (~10 µm in 
thickness , and ~100 µm in diameter). shows the dependence of the yield strength , and fracture 




Figure 2.15: Orthogonal metallurgical cube for aluminum alloy 2219-T8 
In this Figure 2.16, the fracture toughness is represented by Kc values, as the specimen 
thickness does not meet the plane-strain KIC requirements, as specified in ASTM-E399. Clearly, 
both the yield strength, and fracture toughness depend on the specimen orientation, exhibiting 
the highest value in the longitudinal direction, and the lowest value at 45
◦
 to the rolling direction. 













Figure 2.16: Variation of yield strength, and fracture toughness with variation in 
orientation in Al-2195 T8 base alloy [Chaturvedi,2004] 
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Table 2.1: Tensile properties of the 2195-T8 base alloy, welded alloy[Chaturvedi,2004] 
Material Condition T8 
Welded 
Material 
Yield Strength (MPa) 549 400 
Ultimate Tensile Strength 
(MPa) 
585 440 
Percentage Elongation 12.8 22 
2.11 Crack-Growth-Rates 
Constant-amplitude long-crack fatigue behavior is generally determined with fracture-
mechanics type geometries, The Al-Li alloys can be seen to display consistently slower crack 
velocities over the entire spectrum of growth rates, except perhaps at near-threshold levels 
compared to Al-2124-T351. Such behavior is attributed primarily to their higher crack-closure 
levels (Figure 2.17) which, unlike traditional alloys, remain significant even at higher growth 


















Figure 2.17: Crack closure levels for long cracks in commercial AL-Li alloys when 
compared to conventional high strength aluminum alloys at R = 0.1 [Ritchie,2000] 
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The high closure levels can be attributed primarily to the meandering, and tortuous nature 











Figure 2.18: Meandering crack growth profile[Ritchie,2000] 
 
Qualitatively, fracture surfaces when tested under constant amplitude conditions in 
unduly rough, and covered with trans-granular shear facets, representative of highly deflected 
crack paths. In addition to crack-tip shielding, the superior fatigue-crack growth properties of 
aluminum-lithium alloys have been attributed to the 15% higher modulus (compared to 
traditional Al alloys), which reduces the crack-tip opening displacements per cycle, and to an 
increased reversibility of crack-tip deformation due to the marked planarity of slip, which 
reduces the degree of fatigue "damage" per cycle. Such processes undoubtedly act in concert 
with the effect of crack path described above. Fatigue crack closure occurs when crack faces 
prematurely contact during cyclic loading. This contact can occur during tensile loading (i.e. R > 
0) , and has been shown to produce a load ratio dependency on FCG [Ritchie,2000]. It is widely 
assumed that no crack-tip damage occurs when the crack faces are in contact. 
2.12 Crack Closure Mechanisms 
The concept of fatigue crack closure was a conceptual breakthrough for understanding 
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load ratio effects on FCG [Elber,1970]. Elber proposed that closure occurs because fatigue 
cracks grow through the plastic strain field generated at the crack-tip [Elber,1971]. Once in the 
crack wake, plastic deformation partially fills the crack mouth causing premature contact, i.e. 
crack closure. 
Closure due to contact of rough crack surfaces was first proposed by 
Adams[Adams,1972], Purushothaman and Tien [Purushottaman,1975], and Walker and Beevers 
[Walker,1979]. This closure mechanism, called Roughness Induced Crack Closure (RICC), 
occurs when misaligned rough crack surfaces contact during unloading. Rough fatigue cracks 
have a mixed-mode crack-tip stress state resulting in mode II crack face displacements, and 
asperity misalignment. The resulting contact props the crack open and reduces the effective 
crack-tip driving force, ∆Keff. Although RICC is not necessarily restricted to threshold 
conditions, it is most likely a significant contributor at low ∆K because of the tendency for rough 
(Stage I) crack paths, and smaller CTOD. Sliding mode crack closure (SMCC), also called crack 
surface interference, occurs when rough crack faces slide into each other during mode II cyclic 
loading. 
Oxide induced crack closure (OICC) was first suggested by Walker and Beevers 
[Walker,1979], Endo, et al. [Endo,1981], and Suresh, et al. [Suresh,1981]. OICC promotes crack 
face contact when a voluminous oxide layer forms on the crack surfaces, partially filling the 
crack mouth. 
Oxide forms in the crack mouth when freshly exposed surfaces in the crack wake react 
with environmental agents. Because oxide layers are typically small (approximately 10 Å for 
aluminum [Hunter,1956]), OICC is negligible where crack-tip opening displacements (CTOD) 
are large, i.e. high Kmax. However, OICC becomes important at threshold as the oxide thickness 
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increases relative to the CTOD [Vasudevan,1982]. Fretting contact of rough crack surfaces can 
repeatedly remove portions of the oxide film creating oxide debris in the crack mouth 
[Suresh,1981]. Oxide debris due to fretting crack surfaces is much thicker than normally 
expected, resulting in higher closure levels. Crack face contact is not limited to the crack-tip 
region. A remote closure mechanism has been proposed such that crack face contact occurs well 
behind the crack-tip [McClung,2000; Newman Jr,2000]. Here, remote closure occurs when Kmax 
is reduced during constant R, FCG threshold tests. The larger amounts of plasticity associated 
with higher Kmax during the early portion of the test may contact even as the crack-tip remains 
open. 
2.13 Plate-Orientation Effects 
One consequence of long-crack fatigue properties being closely related to crack path 
morphology is that fatigue-crack growth rates in AI-Li alloys are strongly anisotropic; micro-
structurally, this is primarily associated with deformation texture, shape of the grain structure, 
and the nature of the grain-boundary chemistry.  
2.14 Fatigue Crack Growth under Overload and Variable Amplitude 
Conditions 
The prominence of crack-tip shielding during fatigue-crack growth in AI-Li also confers 
superior resistance to tensile-dominated variable amplitude loading. Although 50% overloads 
(OLR = maximum amplitude of the overload /maximum load of the normal cycle) have little 
influence, the larger overloads result in a characteristic brief, yet immediate, acceleration 
followed by crack arrest or, in the present instance, a period of prolonged retardation before 
growth-rates return to their baseline value [Rao,1988]. 
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Recent mechanistic studies in these alloys have indicated that the delay is associated with 
residual compressive stresses in the overload plastic zone, and the consequent enhanced crack 
closure in the immediate vicinity of the crack-tip as the crack grows into the zone [Rao,1988]. 
The superior properties of AI-Li, compared to traditional alloys, may also be associated with 
extensive surface crack branching, and deflection at the overload. 
These results are consistent with the superior performance of AI-Li alloys, compared to 
traditional alloys, under tension-dominated spectrum loading. Under compression-dominated 
spectra, however, they are less impressive. This has been attributed to the large contribution to 
fatigue-crack growth resistance from the wedging of enlarged fracture-surface asperities. 
The observation of cycle-by-cycle crack extension has simulated various prediction 
models on fatigue crack growth. It is a basic concept for models on crack growth under variable 
amplitude (VA) loading. Another important concept used in these models is crack closure. 
Plasticity-induced crack closure was discovered by Elber [Elber,1970] it implies that fatigue 
cracks can be fully or partly closed while the material is still under tension. It occurs as a 
consequence of plastic deformation left in the wake of the crack along the crack flanks. The 
plastic deformation remains from crack-tip plasticity of previous load cycles. As long as the 
crack-tip is still closed, there is no stress singularity at the physical crack-tip. 
To quantify this crack closure, the crack opening stress level Sop should be introduced. 
During cycling, the crack opening stress level, Sop, can be between Smin , and Smax. The crack-tip 
is fully open if S > Sop. Elber defined an effective stress range ΔSeff = (Smax - Sop), and similarly 
an effective value by: 
Keff Y Seff a  
(2.1) 








where U(R) is a function of the stress ratio R = (Smin / Smax). Several U(R) relations have 
been proposed in the literature [McClung,2000]. They conclude empirical U(R) relations, could 
describe the effect of the R-ratio in crack growth under constant amplitude loading by using 
ΔKeff. Plasticity-induced crack closure significantly contributed to our understanding fatigue 
crack growth under variable amplitude loading. 
Table 2.2: Different types of variable amplitude tests 
Type of test Main variables 
Simple test: 
Constant amplitude with overload 
Single Overload (OL) 
Repeated Overloads 
Block tests 




Sequence of amplitude 




Random load test 
Service simulation test Variable of service load history 
 
Micro-crack initiation is a surface phenomenon. So, the micro-crack initiation life 
primarily depends on the surface conditions of the material. It thus can be sensitive if the surface 
conditions do not represent a constant surface quality. Generally, micro-cracking depends on the 
microstructure, crystallography, crystal lattice orientation (texture), and the grain size, and so on. 
As a result, crack nucleation, and the micro-crack growth cannot be expected for different 
materials. But, the macro-crack growth depends on the crack-growth resistance of the material, 
which then is considered to be a bulk property of the material. Continued crack growth occurs 
away from the material surface; it does not depend on the material surface quality. Many loads in 
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service have a random character, although there are different types of randomness. In tests on 
other types of structures, it is now recognized that a realistic simulation of the service load 
sequence is essential to obtain a similar fatigue damage accumulation. Actually, there are many 
inherent problems to simulate the real service load history. A well-known and easily recognized 
problem of service simulation fatigue tests is that they must be completed in a limited time 
period. As a consequence, the service simulation fatigue test is an accelerated fatigue test. Under 
normal humidity, cyclic loads with frequencies of about 10 Hz, and lower give the same 
maximum environmental contribution to fatigue crack growth. Flight simulation tests have been 
carried out on 2024-T3, and 7075-T6 sheet specimens with test frequencies of 10 Hz, 1Hz, and 
0.1 Hz [Schijve,1972]. The results have confirmed that the same crack growth rates are found for 
the three frequencies. This limited experimental verification indicates that time-dependent effects 
may not be significant, because under both low and high-frequency load histories, there is 
sufficient time for the same environmental damage contribution to crack growth. 
2.15 Crack Growth Retardation Due to Overloads (OL) 
Most structures like airplanes and bridges experience some form of variable amplitude 
loading. One high peak stress can also occur during variable amplitude loading. This stress is 
called overload which is higher than normal cyclic loading. The residual stress induced by 
overload has a beneficial effect on crack growth rate. Generally, residual stress can be produced 
mechanically by shot-peening, hammer-peening, or overloads.  
Fatigue crack usually grows through the material in load cycle. Crack growth is the 
geometrical consequence of sharpening and crack-tip blunting. In theoretical calculation for 
fatigue crack growth, it is assumed that crack grows Δa per cycle. During cyclic loading, the 
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crack length increases at a constant rate. There are other parameters such as the corrosive 
environments, frequency, metallurgical variables, loading conditions, and so on. However, this 
growth rate per cyclic loading is generally a function of two parameters, stress ratio (R), and 
stress range (Δζ). In real structures, high peak stress can be produced within the material. For 
example, the wing of the airplane experiences the high peak load due to a sudden gust or wind. 
So, crack growth analysis for variable amplitude loading is not possible without an account of 
retardation effects. The crack growth rate can be reduced after proper overloads. Theoretically, at 
the crack-tip, the elastic stress would become very large due to the stress concentration factor. 
However, in practice, large stresses do not occur because in a ductile material this region 
becomes plastically deformed. This causes a plastic zone to occur near the crack-tip. After 
unloading, the remainder of the material will be elastic. So, the bulk of material returns to zero 
strain after unloading. But, the plastic zone cannot return to the original size. This plastic zone 
will be squeezed back to its original size. This causes the compressive residual stress to occur at 
the crack-tip.  
Thus, after high peak overload, at the crack-tip the larger plastic zone will be formed. A 
more extensive residual stress will be present at the crack-tip. During the subsequent cycling this 
compressive residual stress will have to be added to the applied stress. The crack growth rate 
response accounts for this compressive residual stress. The crack growth rate will be slower or 
retarded during the following cyclic loading due to the compressive residual stress along the 
crack plane. Once the crack has grown through the overload plastic zone, the original crack 
growth rate will be resumed. The size of plastic zone for plane stress (Figure 2.19) can be found 







The overload cycle starting with the minimum peak, followed by the maximum peak 
(−/+) OL cycle caused a very large retardation of the fatigue crack growth. The maximum peak 
load caused a large plastic zone at the crack-tip, which left compressive residual stresses in this 
zone. That will retard subsequent crack growth when the crack grows through this zone. The 
explanation can also be formulated in terms of the plasticity induced crack closure phenomenon 
[Elber,1971]. Due to the plastic deformation of the OL, more crack closure will occur after the 











Figure 2.19: Irwin’s Plastic Zone Model 
The schematic test done by Schijve [Schijve,1976] is shown in Figure 2.20. The delay 
caused by the OL can easily be observed from the crack growth curve. The crack closure 
measurements carried out before the application of the OL indicated Sop ~ 62 MPa. Directly after 
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the OL the Sop level was reduced to about 45 MPa. Because the OL opens the crack by crack-tip 
plasticity, such a trend should be expected. Crack closure measurements made after the OL 
application indicated Sop values above Smin of the Constant amplitude cycles. However, Sop 
decreased later below Smin. At the moment that Sop = Smin, the crack growth delay had finished. 
Crack growth retardation after an OL is generally related to the size of the plastic zone, 
because crack closure results from the crack-tip plasticity induced by the OL. Unfortunately, the 
size of the plastic zone is different for plane strain and for plane stress conditions. In a thin sheet 
the state of stress at the crack-tip is predominantly plane stress, whereas in a thick plate it is 
predominantly plane strain. It then should be expected that the retardation effects are different 
for fatigue cracks in thin sheets and thick plates. This is confirmed by the results of Mills and 
Hertzberg [Mills,1975]. Crack growth delay period can be defined in a simple way. The delay 
period is larger for thinner materials (larger plastic zone) and the delay period increases at higher 
stress intensities (also lager plastic zone). Both trends agree with the effect of the plastic zone 














It has also been observed that more number of overload cycles gives a larger delay for 
carbon steel [Dahl,1979]. The test results have shown that the delay period is larger for higher 
overloads. However, it is noteworthy that higher numbers of OL cycles increased the crack 
growth delay period, this trend may be explained by considering that crack extension occurs 
during the OL cycles. More OL cycles then will leave more plastic deformation in the wake of 
the crack, behind the crack-tip [Elber,1970; Elber,1971]. 
Mills and Hertzberg [Mills,1975] investigated the effect of two OL cycles in constant-ΔK 
tests, with periodic overload interval as a variable Figure 2.21. The second OL cycle can be 
applied at the moment that the crack growth retardation of the first one is still effective. The 
results indicate that the delay of second OL cycle is dependent on the interval between the two 
overloads. According to Mills and Hertzberg, the maximum interaction between the two single 
overloads is obtained when the crack growth increment between the overloads is about 25% of 
the plastic zone of the first OL. Tür et al [Tur,1996] applied periodic overloads in constant 
amplitude load tests, with the number of periodicity spacing cycles between the overloads as a 
variable. Initially the retardation increased for increasing number of periodicity spacing cycles, 
but for a larger number of spacing cycles it decreased again. Generally retardation increases as 
periodicity is increased until a peak is reached, followed by a decrease in retardation afterwards. 
The fatigue lives for various overloads ratios are studied by Newman [Newman Jr,1997]. 
The longest fatigue life occurred at overload ratio of 2. When the overload ratio reached 3.75, the 
specimen failed on the first application of overload. When overloads are applied periodically, 
interaction between overloads becomes possible, and retardation is enhanced. Certainly, too 
closely spaced overloads lead to acceleration rather than retardation; but there is a large range in 
between where the best retardation could occur.  
42 
 
In this study the effect of periodic overloads with an OL ratio 1.5 with varying intervals 















Figure 2.21: Crack growth delay after two overloads cycles as affected by the number of 
cycles between the overloads[Mills,1975] 
 
In fact, most studies use “Δa” as the measure of spacing between overloads since retarded 
crack growth is compared with the plastic zone size at the crack-tip. The “Δa” between overloads 
is normalized by plastic zone size of the overload (2 x ryOL) = 1/3π x (KOL/Sy) x 2). The trend is 
the same which is at Δa = 0.2(2ryOL) for constant load control test. It means that the maximum 
retardation occurs at the same {Δa / (2ryOL)} = 0.2 independent of the overload ratio applied. So, 
the overload induced plastic zone governs the retardation behavior. This maximum retardation 
occurring at Δa = 0.2 x (overload induced plane strain plastic zone size) for 2024-T3 is reported 
[Tur,1996]. De Koening et al. [De Koening,1981] have introduced the terms primary plastic 
deformation, and secondary plastic deformation. Primary plastic deformation occurs at the crack-
tip if plastic deformation penetrates into elastic material that has not been plastically deformed 
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by previous load cycles. Secondary plastic deformation refers to crack-tip plasticity that remains 
inside a primary plastic zone. More recently, De Koening et al [De Koening,1981] have 
proposed that crack extension during primary plastic deformation is much more effective than 
during secondary plastic deformation. The first peak load caused a good deal of primary plastic 
deformation. The second one gave a much smaller contribution of primary plastic deformation, 
due to the primary plastic zone of the first high load. Similar confirmation was obtained by 
considering striation spaces in fatigue tests, as discussed in reference [Schijve,1992]. The 
corresponding plastic zones for this case are schematically indicated in Figure 2.22. 
Dahl and Roth [Dahl,1979] have raised the question whether crack growth delay after an 
overload is due only to crack closure, or whether there is also an effect of the residual 
compressive stress in the plastic zone of the crack-tip. Interesting experiments were carried out 
in 1970 by Blazewicz [Elber,1971],which simply suggests that the crack growth retardation 
should be explained by crack closure only. The efficiency of creating a crack length increment 
(Δa) depends on the plasticity right at the crack-tip, not on residual stresses ahead of the crack-
tip. The residual stress in the crack-tip plastic zone can have an indirect effect on the cyclic 
plasticity at the crack-tip, but opening the crack-tip is the decisive mechanism to have crack 
extension. 
At the surface of a material the crack-tip is loaded under plane-stress conditions, 
depending on the material thickness, the state of stress at mid-thickness approached plane-strain 
conditions. The plastic zone size under plane stress is significantly larger than under plane strain. 
It thus should be expected that crack closure will be more significant near the material surface,  
and will occur to a lesser degree at mid-thickness. The large crack growth retardations induced 













Figure 2.22: Plastic zones in crack growth test with overload cycles [Schijve,1992] 
Interaction effects imply that fatigue damage accumulation in a certain load cycle is 
affected by fatigue in the preceding load cycles of a different magnitude. In other words, a 
fatigue cycle will affect damage accumulation in subsequent load cycles that can also be 
predicted by numerical analysis which described in the following section. 
2.16 Numerical Analysis 
In recent years, with the development of powerful computing facilities, Finite Element 
(FE) analysis methods have been applied to the simulation of structural behavior using 
commercial FE software packages. However, for general usage, especially in routine structural 
integrity assessments, the simplified state-of-the-art methods are much more popular than full 
step-by-step elastic–plastic analysis. Wu [Wu,2002] measured the crack growth rate during 
constant amplitude fatigue testing on un-welded, as-welded, and weld repaired specimens of 
5083-H321 aluminum alloy. A 3-D finite element analysis was conducted to determine the stress 
intensity factors for different lengths of crack, taking into account the three-dimensional nature 
of the weld profile. The effects of crack-closure due to weld residual stresses were evaluated by 
taking measurements of the crack-opening-displacements (COD), and utilized to determine the 
effective stress intensity factors for each condition. It was found that crack growth rates in 
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welded plates are of the same order of magnitude as those of parent material when effective 
stress intensity factors were applied. The weight function for edge cracks emanating from the 
weld toe in a T-butt welded joint has been derived by using the Petroski-Achenback crack 
opening displacement function. The weight function makes it possible to study efficiently the 
effect of weld profile parameters, such as the weld toe radius, and weld angle, on stress intensity 
factors corresponding to different stress systems. It has been found from experience that most 
common failures of engineering structures such as welded components are associated with 
fatigue crack growth caused by cyclic loading. Engineering analysis of fatigue crack growth is 
frequently required for structural design, such as in Damage Tolerance Design (DTD) and 
residual life prediction when an unexpected fatigue crack is found in a component of engineering 
structure. For analysis, the fatigue life of welded structures can be divided into two parts crack 
initiation phase, and propagation phase. Fatigue crack propagation behavior is typically 
described in terms of crack growth rate or crack length extension per cycle of loading (da/dN) 
plotted against the stress intensity factor (SIF) range (∆K) or the change in SIF from the 
maximum to the minimum load. 
The central portion of the crack growth curve is linear in the log-log scale. Linear 
Elastic Fracture Mechanics (LEFM) condition essentially deals with crack propagation in this 
region, which is commonly described by the crack growth equation proposed by Paris and 







where C and m are material dependent constants, and (∆K) is the range of SIF. It should be noted 
that Paris law only represents the linear phase (region II) of the crack growth curve. As the stress 
intensity factor range increases approaching its critical value of fracture toughness (Kc), the 
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fatigue cracks growth becomes unstable and much faster than that predicted by Paris law. 






1 R Kc K  
(2.5) 
where R is the stress ratio, equal to  min / max . 
Note that the above relationship accounts for stress ratio, R effects, while Paris‟s law 
assumes that da/dN depends only on ∆K. Based on the above relationship, fatigue crack 
propagation life can be predicted by integrating both sides of these functions if a suitable SIF 
solution is obtained. Since weld geometry conditions may differ in various weld joints, 
traditional empirical relations become invalid in some cases, and new models may have to be 
created for local stress distribution, and accurate stress intensity factor calculation. In line with 
the traditional da/dN testing approach, nearly all the present da/dN data for welded joints were 
obtained by using bead removed specimens, for which classical two-dimensional solutions for 
stress intensity factors become applicable. Using da/dN data obtained from bead removed 
specimens for fatigue design or fatigue life prediction on as-welded joints may lead to erroneous 
conclusions. Therefore determination of accurate stress intensity factor solutions for the correct 
weld geometry conditions is of practical significance in structural design, and fatigue life 
evaluation of welded structures. 
2.17 Finite Element Simulation of Fatigue Crack Growth 
Many researchers have in the past used numerical approaches for fatigue crack 
propagation. In this regard, the works of Newman and Harry [Newman Jr,1975] , Newman 
[Newman Jr,1977], Chermahini et al. [Chermahini,1982], and McClung and Sehitoglu 
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[McClung,1989] are noteworthy and path-breaking. A general trend of the numerical approach in 
this field over the past 25 years can be inferred from those references. A crack-tip node–release 
scheme was first suggested by Newman [Newman Jr,1977], in which a change in the boundary 
condition was characterized as crack growth. This was achieved by changing the stiffness of the 
spring elements connected to boundary nodes of a finite element mesh. Before Newman‟s work, 
investigators changed boundary conditions of the crack-tip node directly to obtain a free or fixed 
node. When the crack-tip is free, the crack advances by an element length. The approach 
Newman used to change boundary conditions was to connect two springs to each boundary node 
[Newman Jr,1977]. To get a free node, the spring stiffness in terms of modulus of elasticity was 
set equal to zero, and for the fixed ones it was assigned an extremely large value (about 108 
GPa) which represents a rigid boundary condition. McClung and Sehitoglu [McClung,1989] 
have also investigated fatigue crack closure by the finite element method. Their model for the 
elastic-plastic finite element simulation of fatigue crack growth used a crack closure concept. 
They followed the node release scheme at the maximum load, and assumed that the crack 
propagates one element length per cycle. Wu and Ellyin [Wu,1996] studied fatigue crack closure 
using an elastic-plastic finite element model. They followed an extension of Newman‟s node- 
release scheme. They used a truss element instead of a spring element, and released one node 
after each cycle of fatigue load. Recent use of the cohesive element approach has been reported 
in crack propagation simulations. Cohesive elements originate from the concept of cohesive 
zone, firstly introduced by Dugdale [Dugdale,1960], and Barrenblatt [Barrenblatt,1962]. The 
implementation of cohesive zone into numerical analysis takes the form of cohesive elements, 
which explicitly simulate crack process zone. The work of Xu and Needleman 
[Xu,1994,1995,1996] demonstrated successful use of the cohesive element technique in 2-D 
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cases. In a cohesive element, the material separation process is described by the cohesive law, 
which defines the relation between crack surface traction, and surface opening displacement. Xu 
and Needleman have used initial elastic, and then exponentially decaying cohesive law (the 
Smith-Ferrante law). Hidekazu et al. [Hidekazu,1999,2000; Masakazu,2000], and followed by 
Alam and Wahab [Alam,2005] use the concept of the interface element for the strength analysis 
of a joint between dissimilar materials. They also used it for the calculation of the strength of 
peeling of a bonded elastic strip, and the fracture strength of a centre cracked plate under static 
load .  Hidekazu et al. [Hidekazu,1999,2000; Masakazu,2000] further used it for simulation of 
hot cracking, push-out test of fibers in matrix, ductile tearing, and dynamic crack propagation 
under pulse load , and pre-stress condition [Hidekazu,1999] They have not applied repeated 
cyclic load for fatigue crack propagation. Nguyen et al. [Nguyen,2001] investigated the use of 
cohesive theories of fracture, in conjunction with the explicit resolution of the near-tip plastic 
fields, and the enforcement of closure as a contact constraint, for the purpose of fatigue life 
prediction. In their finite element model the crack advances by shifting the near-tip mesh 
continuously. After every re-mesh, the displacements, stresses, plastic deformations, and 
effective plastic strains are transferred from the old to the new mesh.  
This study is similar to cohesive model but in this model the element bonding strength 
and surface energy are used to set the criterion of crack propagation. Further the technique used 
in the finite element model is different from other models. It should be pointed out that the past 
use of finite element analyses had certain shortcomings, and recent versions have been 
tremendous improvements, and have removed many of these limitations. For example, to avoid 
numerical instability, schemes such as releasing the crack-tip node at the bottom of a loading 
cycle were adopted in certain studies, e.g. Wu and Ellyin [Wu,1996]. They have not considered 
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element bonding stress, and surface energy, which are associated with crack formation, and 
extension. They also did not consider the material properties change during cyclic loads. They 
applied symmetric boundary conditions at the crack plane, and also assumed that the crack can 
propagate only in symmetric planes. In this study, a crack can propagate in both symmetric and 
anti-symmetric planes about the applied load. LEFM principles can be used to evaluate the 
fatigue crack growth behavior, and thus, to predict fatigue life of welded structures. In order to 
appropriately assess fatigue crack growth process in welded joints it is necessary to obtain 
accurate results for stress intensity factor solutions in the crack propagation phase. Generally the 
stress intensity factor for a crack in a welded joint depends on the global geometry of the joint 
which include the weld profile, crack geometry, residual stress conditions, and the type of 
loading. Calculation of the stress intensity factor, even for simple types of weldments, requires 
detailed analysis of the several geometric parameters, and loading systems. The two approaches 
that have mostly been used till now for assessing stress intensity factors for crack in weldments 
are weight function method, and the finite element method (FEM). 





The stress distribution, ζ(x) can be calculated by FE method. Weight function m(x, a) 
have been derived by Bueckner [Bueckner,1970] , and Newman and Raju [Newman Jr,1986] for 
2-D , and 3-D model edge crack , and surface semi-elliptical crack in finite thickness plate, 
respectively. Based on the Buckner‟s weight function, Nguyen and Wahab [Nguyen,1995] 
created a semi elliptical crack model for the stress intensity factor calculation on butt weld joints 
considering all weld geometry parameters. Using this model, and Paris law, fatigue life of butt 
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weld structures can be estimated. As a numerical approach, weight function methods require 
huge calculations, which is time consuming, and inconvenient for practical engineering 
applications.  
The applications of the finite element methods to determine crack-tip stress field has 
developed rapidly in recent years. The method has great versatility: it enables the analysis of 
complicated engineering geometry, and three-dimensional problems. It also permits the use of 
elastic-plastic elements to include crack-tip plasticity. Basically, two different approaches can be 
followed in employing finite element procedures to arrive at the required stress intensity factor. 
One approach is the direct method in which K follows from the stress field or from the 
displacement field around the tip of fatigue cracks [Anderson,1995]. The following Equation 
(2.7) describes the calculation process for determining Mode I stress intensity factor solutions 
using crack-tip stress field. 
K I lim
r 0
r  (2.7) 
The stress intensity factor can be inferred by plotting the quantity in square brackets 
against distance from the crack-tip, and extrapolating to r tends to 0. Alternatively, KI can be 











The constant k in Equation (2.8) is: 
k = 3-4ν (plane strain) 
k = (3- ν)/ (1+ ν) (plane stress) 
Where µ is the crack opening displacement, m is the shear modulus, and ν is the 
Poisson‟s ratio. Equation (2.8) tends to give more accurate estimates of K1 than equation (2.7) 
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because nodal displacement can be inferred with higher degree precision than stresses. The 
second approach for K calculation comprises some indirect methods in which K is determined 
via its relation with other quantities such as the compliance, the elastic energy [Glinka,1979] or 
the J-integral [Rice,1968]. 
2.18 Weld Residual Stress (WRS) and Its Effect on Fatigue Life 
Weld residual stress (WRS) introduced by the welding process can come from the 
expansion , and shrinkage of weldments during heating , and cooling, misalignment , and 
microstructure variation in weldments , and Heat-Affected-Zone (HAZ). Residual stresses in 
weldments have two effects. Firstly, they produce distortion, , and second, they can be the cause 
of premature failure especially in fatigue fracture under lower external cyclic loads 
[Weisman,1976]. WRS in friction stir welded components have been studied by Staron et al 
[Staron,2002] on Al-2195 specimens . There are tensile longitudinal stresses in the region of the 
weld. The presence of these stresses may have a negative effect on the fatigue, and crack 
propagation properties in this region. The residual stress component in normal direction appears 
to be quite high for a sheet of this thickness. The reason is most likely, a change in the unstrained 
lattice spacing in the heated weld region due to a change in the Cu concentration in the matrix in 
this heat treatable Al alloy. 
Tensile residual stress can significantly decrease the fatigue properties on welded joints. 
On the other h, and, compressive stresses on the surface of weldments introduced by post-weld 
treatment can significantly improve the fatigue properties of welded structures. Previous 
investigations [Nguyen,1995] have indicated that WRS also has significant effects on the fatigue 
crack initiation phase, and the early stage of crack propagation. 
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Linda [Linda,1990] investigated fatigue crack growth behavior in butt weld joint of Al-
5456-H116 aluminum alloy and ASTMA 710 steel. Crack closure levels were determined 
graphically using the upper tangent point, and non-subjectively by measuring the 2% deviation 
from the upper linear portion of P-COD traces. The experimental results showed that the da/dN 
curve, when using the effective stress intensity factor range, shifted to faster growth rates in 
welded plates compared to the base plate. Crack closure loads of up to 80% of the maximum 









Figure 2.23: Weld residual stress plot in a Friction stir welded Al-2195 specimen 
[Staron,2002] 
These closure levels were mainly created by the presence of weld residual stress (WRS). 
For stress relieved steel specimens, the fatigue growth rate shifted to rates equivalent to those of 
the base plates. It was concluded in the paper that applying effective stress intensity factor, 
taking into account of weld residual stress effects, results in more accurate estimations of fatigue 
life in welded joints. According to Elber [Elber,1971], the influence of residual stress in da/dN 
could be evaluated using the concept of effective stress intensity factor, which assumes that 
propagation occurs only when the crack is completely open. He also found that the influence of 
residual stress leads to erroneous interpretation of fatigue crack growth rate measurements made 
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in accordance with standard ASTM E-647. 
2.19 Weld Defects and Weld Metallurgy 
Weld defects are those imperfections or discontinuities produced in the weldments 
because of the weld process, such as porosity, lack of penetration, slag inclusions, incomplete 
fusion, misalignment, undercut, weld profile etc. These weld defects can significantly influence 
local stress field in the vicinity of welds when the welded component is subjected to cyclic 
fatigue load. 
In most cases, weld defects lead to severe stress concentration, and thus accelerate fatigue 
crack growth. Sanders , and Lawrence [Sanders,1974] studied the effects of lack of penetration 
(LOP) , and lack of fusion (LOF) on the fatigue behavior of Al-5083-0 double-V groove butt 
welds. They concluded that LOP defects can seriously reduce the fatigue life of both types of 
weld, those with the reinforcement intact, and those with the reinforcement removed. Less than 
full length, inclined LOF defects were generally less serious than LOP defects. Sanders also 
reported that the effects of internal discontinuities on fatigue performance of welds with 
reinforcements are minimal. The effect of weld reinforcement is so marked that only critical 
defects would affect the fatigue behavior, and this is related to the loss of cross section area. 
Porosity only becomes a factor when the reinforcement is removed. 
2.20 Conclusions from Literature Review 
The critical literature review of the various issues with welding of aluminum alloys and 
its effect on the mechanical and fatigue properties of these tpes of materials is understood. The 
process of FSW is considered in detail and the different zones of welding are identified to 
characterize the microstructure of the weld material.  
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The various factors affecting fatigue like corrosion, loading, and defects are studied. The 
factors affecting corrosion and its effect on fatigue life is also considered in great detail. The 
effect of using corrosion preventive compound which is of interest to us in this work is 
presented.  
The different mechanisms affecting fatigue crack growth in aluminum alloys and also the 
crack closure effect which dominates fatigue crack growth in aluminum alloys is understood. 
The phenomenon of crack growth retardation due to periodic overloads is studied. The analysis 
of the effect of overload on the plastic zone size and the interaction between the various plastic 
zones, which produces residual compressive stresses ahead of the crack-tip is worth noting. 
Periodic overloading retards crack growth rate and improves fatigue life significantly. 
A review of the different properties and microstructures of the materials in question i.e. 
Al-2195 and Al-2219 is presented. Numerical analysis using different formulations for fatigue 
crack growth is presented, a chronology of the various significant works in this field and the 
method of using interface elements along a predefined crack path to better mimic the physical 
phenomenon of crack propagation is studied. The effect of weld residual stress on fatigue life 






3 EXPERIMENTAL PROGRAM 
3.1 Introduction 
The experimental part of this research consisting of crack growth test under constant 
amplitude loading, and with periodic overloads on middle center-crack specimen as described in 
Section-3.2, made of friction stir welded butt joints of aluminum alloys Al-2195-T8 and Al-
2219-T3 are carried out. Specimens are subjected to different conditions of environment with 
ambient air, and with humidity under ambient temperatures. In order to study the influence of 
stress ratio under low cycle fatigue , and the effect of varying environmental conditions on 
fatigue life with or without the CPC (Corrosion Prevention Compounds), tests are performed at a 
frequency of 2 Hz , and two stress ratios of R = 0.2 , and R = 0.3. LPS 3 Heavy-Duty Inhibitor is 
used in this study as a CPC. It is provided by LPS Laboratories, Atlanta Headquarters, Illinois 
Tool Works Company. The test matrix is given below in Table 3.1. 
Table 3.1: Test matrix for the effect of varying environments under constant amplitude, 
and different stress ratios 
 
TEST PROGRAM 
FREQUENCY 2 Hz 
R = 0.2 R = 0.3 
Al-2195 Al-2219 Al-2195 Al-2219 
Lab Air 4 4 4 4 
With water vapor 4 4 4 4 
With CPC+Lab air 4 4 4 4 
With CPC + Water Vapor 4 4 4 4 
3.2 Test Specimen  
In-plane yielding must be limited to the crack-tip by guaranteeing that the net section 
stress is below yield strength. Also, the maximum plastic zone size, defined as ~ 0.2 (Kmax / ζys) 
2, is much less (e.g., 10 to 50-fold) than the un-cracked ligament. Specimen thickness, as it 
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influences the degree of plane-strain constraint, and crack size, as it influences the chemical 
driving force, may affect corrosion fatigue crack speeds. Specimen thickness, and crack 
geometry must be treated as variables. Specimen thickness may affect crack growth rate, because 








Figure 3.1: Geometry and dimension of test specimen-ASTM E647 [ASTM,1999] 
For general purposes, compact tension specimens are frequently used. Such specimens 
minimize the applied load required to achieve a given crack-tip stress intensity, thus permitting 
the use of low load capacity, and less expensive test machines. However, due to the 
unavailability for the compact tension specimen, center pre-crack specimens are used as test 
specimen. As a substantial part of the total fatigue life is attributed to the early state of fatigue 
crack growth, the crack starter is made by saw cutting at the edge of the center hole. So, crack 
will start easily at the edges of the hole. Then, the fatigue crack initiation life can be ignored 
when the fatigue crack growth life is calculated. In corrosion fatigue, the electrochemistry within 
the crack is mass transport dependent, and can vary with crack depth, and possibly also with 
specimen geometry , and with accessibility of solution in the through-thickness direction via the 
crack sides. These factors can also influence crack growth rates. So, in reports of test data, 
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information regarding crack depth or thickness should be quoted. In addition, in applying load to 
specimens in a corrosion chamber, chamber friction must not affect load in sealed systems. This 
is generally not a significant factor in most tests. The geometry and dimension of test specimen 
are shown above in Figure 3.1. 
3.3 Recommended Specimen Configuration & Size  
In order for results to be valid according to this test method it is required that the 
specimen be predominantly elastic at all values of applied load. The minimum in-plane specimen 
sizes to meet this requirement are based primarily on empirical results, and are specific to 
specimen configuration. For the center pre-crack specimen the following is required.  
1. (W-2a) ≥ 1.25 Pmax / (B ζy) 
2. B ≤ (W/8)  
where (W-2a) = specimen‟s un-cracked ligament, W = Width, B = specimen thickness.  
For the center pre-crack specimen, the thickness, and width is varied independently, 
which are based on specimen buckling, and through-thickness crack-curvature considerations. 
ASTM E647 [ASTM,1999] recommends that the upper limit on thickness in the center pre-crack 
specimens is W/8. The minimum thickness necessary to avoid excessive lateral 30° deflections 
or buckling in the center pre-crack specimens is sensitive to specimen gage length, grip 
alignment, , and load ratio, R. The machined notch for the center pre-crack specimen should be 
made by electrical-discharge machining (EDM), milling, broaching or saw cutting. The 
recommended width of pre-crack starter slot at the edge of hole is 0.2 mm (0.008 in). To make 
this per-crack starter slot, EDM is recommended. Unfortunately, due to the limit of cost, saw 
cutting is used. According to ASTM E647, saw cutting is recommended only for 
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aluminumalloys. So, in this research, the center pre-crack starter is produced by narrow saw. But, 
the width cannot be made with a width of 0.2 mm. If saw-cutting is used, the minimum width of 
pre-crack starter slot is 1 mm. 9 mm Diameter 6 mm 23 ~ 28 mm envelopes. The suggested 
design for center fatigue pre-crack starter is shown below in Figure 3.2. The crack starter must 
lie within the envelope defined by the 30° included angles having their apexes at the ends of the 
fatigue cracks. From the basic fracture mechanics, the overall requirement for plane strain is  





Where, a = half crack length, b = half width, h = half height. 
 This requirement for plane strain is obviously not met for this case. So, in this research, 
the state of specimen is between plane-stress, and plane strain. As the thickness increases, crack 
growth rate is calculated from crack length versus cycle number (da/dN) data. Crack growth rate 







Figure 3.2: Suggested design for center pre crack starter [ASTM,1999] 
3.4 Materials and Welding Procedure 
Lockheed Martin Space Systems supplied aluminum Alloy Al-2219, and Al-2195 in 
welded plates of 0.584 cm (0.23 in) with typical composition shown in Table 3.2. Al-2195 was 
used in 1998 in an effort to reduce the weight of the space shuttle replacing Al-2219, which was 
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used since the inception of the space shuttle program. Friction stir welded butt joints of these 
alloys were provided for our study. 
Table 3.2: Percentage material compositions 
Alloy Al Cu Li Si Fe Mn Mg Zn Ti Zr Ag 
Al-2195-
T8 
93.9 4 1 0.03 0.05 0.05 0.4 0.01 0.02 0.14 0.4 
Al-2219-
T8 
92.57 6.3  
 
0.2 0.3 0.3 0.02 0.1 0.06 0.15  
 
Various types of joints are used in fabricating the external tank of the space shuttle. Because of 
the unique nature of the joints different welding parameters are used. Butt joints welded with 
self-reacting FSW tool was provided for our study; there is a lack of research, and understanding 
on self reacting welds, see Section-3.5 for more information. Butt welding involves two work-
pieces joined end to end. The Welding tool passes along the interface between the two work-
pieces.  This type of welding lends itself to a lack of penetration defect, which is often the source 
of failures, and corrosion. This occurs due to the pin tool not completely penetrating the work-
piece. Situations where two surfaces need to be joined together end to end are candidates for 
conventional butt welding provided the materials are close to the same thickness. The need for a 
backing plate as well as other issues make welding cylindrical shapes with this process difficult. 
Limitations have caused this process to largely be replaced by self-reacting welds on the external 
tank of the space shuttle. 
3.5 Self-Reacting FSW (SRFSW) 
Self-Reacting welds are similar to conventional butt welds since the work pieces lay end 
to end when they are welded. Unlike butt welds however the use of a backing anvil is not 
necessary. Instead there is a shoulder on both sides of the work pieces and the pin passes 
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completely through the pieces between the shoulders as shown in Figure 3.3. These two 
shoulders provide a clamping force on the work pieces. The key advantages of this process are 














Figure 3.3: Close-up of self reacting FSW tool [Ding,2007] 
 
Recent studies at NASA had indicated that there is a reduction in the mechanical strength 
of the welds using the self-reacting pin tool for welding. This was due to the residual oxide 
defect (ROD) creeping into the weld. This can be attributed to process parameters used for 
welding like feed rate, tool rotational speed, and tool offset. The tool used for welding was the 
left h, and/right h, and pin tool, which is roughly represented in the Figure 3.4. Personnel at 
Lockheed identified through a design of experiments approach that the tool offset was the most 
important parameter which affects the ROD in the weld. Butt welds of Al-2195 , and Al-2024 
were welded with the welding parameters as follows: Tool clamping load ~3000 to 4000 lb, Tool 
offset ~ 0.125 to -0.125 in, Feed rate~14 in/min-10 in/min , and Tool rotational speed as 180-




Figure 3.4: A representation of LH/RH self reactive pin tool 
3.6 Experimental Setup  
The MTS 810 universal testing machine is used to perform the required test. A PC is 
coupled with the MTS machine to provide constant amplitude loads with MTS Test Star Version 
4.0E, and Function Generator Version 4.0E software. The humid-air circulates the transparent 
plastic corrosion chamber. The corrosive environment (humid-air) is produced with Ultrasonic 
Humidifier. The humidifier produces soothing cool mist into the corrosion chamber through 
clean tube. 
Surface analysis and SEM micrograph are conducted on the specimens to understand the 
mechanism by which CPC affect crack growth. Standard methods for conducting fatigue crack 
growth tests have been developed, notably ASTM Standard E647. Crack growth tests are most 
commonly conducted using zero-to-tension loading, R = 0, or tension-to-tension loading with a 
small R, such as R = 0.1. Variations of R in the range 1 to 0.1 have little effect on most materials. 
Therefore, stress ratio R = 0.2, and R = 0.3 is selected. 
Four-millimeter thick friction-stir-welded Al-2195-T8 and Al-2219-T8 are used in this 
experiment. The tensile strength and yield are reported in literature as shown in the Table 2.1. 
The specimen geometry is the center pre-crack specimen, with 457 mm length, and 50 mm 
width. All specimens were pre-cracked. Load is applied perpendicular to the crack growth 
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direction. MTS810 Flextest-GT programmable servo-hydraulic testing machine is used to apply 
loads. The test is programmed using the Multi Process testing software suite provided by MTS. 
Constant amplitude as well as periodic overloads are programmed, and loads are applied varying 
the interval between overloads. Overload Ratio of 1.5 is used. The periodic spacing cycles 
between overloads (Figure 2.2) are varied roughly between 1000, and 3000. For all tests with 
overloading, the stress ratio is 0.3, and the frequency is 2 Hz except the periodic overloads. The 
objective of overload analysis is to find out the optimum spacing cycles between overloads for 
overload ratio of 1.5 under varying environmental conditions in order to get a maximum fatigue 
life until failure. Then, the number of cycles for each test required to grow the crack from the 









Figure 3.5: Experimental setup MTS810 Flextest-GT with corrosion chamber, and 
ultrasonic humidifier 
3.7 Effect of Periodic Overloads on Fatigue Life  
The specific objective of this task is to study the influence, and interactions of periodic 
overloads damage on fatigue life of FSW butt joints of Al-2195-T8, and Al-2219-T3. The 
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research focused on the fatigue life, and crack growth behavior of these aluminum alloys. By 
varying the interval between the periodic overloads in low cycle fatigue (LCF), the degree of 
fatigue damage was changed. This study provides reliable basis, and an insight for fatigue life 
predictions under various loading conditions as well as varying environmental conditions. This 
will also give us recommendations for service life extension, and develop improved fatigue life 
assessment tools. 
Table 3.3: Test matrix for overload analysis with an overload interval of 1000 cycles, and 











Table 3.4: Test matrix with increasing intervals between overloads under a stress ratio 0.3 





One major difficulty in fatigue analysis, and life assessment for metal is that the commonly used 
linear cumulative damage law does not always apply for fatigue under varying loading 
conditions. Since most metal structures are subjected to different loading conditions, the loading 
history dependence has a profound influence on fatigue life. Also, using SEM, damage could be 
visualized in the material where the overload occurs. The intended work will include (1) 
TEST PROGRAM 
FREQUENCY 2 Hz With overload interval every 
1000 cycles 
R = 0.3 
Al-2195 Al-2219 
Lab Air 4 4 
With water vapor 4 4 
With CPC + Lab air 4 4 
With CPC + Water Vapor 4 4 
Interval between overloads with 
OLR = 1.5 
1000 1500 2000 3000 
Al-2195T8 4 4 4 4 
Al-2219T8 4 4 4 4 
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simulation of overloading effects on fatigue crack growth; and (2) validation of overload models 
for fatigue life prediction. The test matrix for overload analysis is given above in Table 3.3, and 
Table 3.4. 
3.8 Corrosion Fatigue Crack Growth Test Method  
Laboratory fatigue test can be classified as crack initiation or crack propagation. In crack 
initiation testing, specimens are subjected to the number of stress cycles required for a fatigue 
crack to initiate. This research focuses on crack propagation testing; fracture mechanics methods 
are used to determine the crack growth rates of preexisting cracks under cyclic loading. In 
general, fatigue life testing is either stress controlled (SN) or strain controlled (ε -N). The test 
specimens are described primarily by the mode of loading, such as axial stress, plane bending, 
rotating beam, or alternating torsion. Testing machine is defined by several classifications: (a) 
the controlled test parameter (load, deflection, strain, twist, torque, etc.); (b) the design 
characteristics of the machine (direct stress, plane bending, rotating beam, etc.); or (c) the 
operating characteristics of the machine (electromechanical, servo-hydraulic, electromagnetic, 
etc.).  
Corrosion fatigue tests follow from the ASTM E 606 standard for fatigue testing in air. 
The typical cell for corrosion fatigue testing includes an environmental chamber of glass or 
plastic that contains the mist (spray of humid air) inside it. The specimen is gripped outside of 
the test chamber. The chamber is sealed to the specimen, and solution is circulated through the 
environmental chamber (corrosion chamber). The fatigue crack growth test data are dependent 
on the environments, test temperature, pressure of gas, waveform type, waveform frequency, and 
stress ratio. Fatigue processes are historically viewed as cycle-dependent processes and this 
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approach requires us to perform testing which requires the following recognitions:  
1. It is important to achieve a steady-state crack growth rate at each test condition, which 
requires achieving a steady-state surface condition.  
2. Time dependency is very important, and therefore the role of mean/maximum stress and 
frequency can be very large.  
3. Unexpected increases in crack growth rate can occur at specific loading conditions (e.g., 
associated with achieving critical crack chemistry).  
3.9 Fracture Mechanics Approach to Analyzing Fatigue Data 
There is increasing emphasis on characterizing crack propagation using the fracture 
mechanics approach. The ambiguities associated with defining or identifying crack “initiation” 
are minimized with this approach because of increasingly successful efforts to predict crack 
“initiation” and short crack behavior from a thorough understanding of crack propagation; this 
can be accounted for while analyzing crack propagation. The advantage of this approach is that 
corrosion fatigue crack growth (da/dN vs. ΔK) data from testing is in many cases useable in 
stress intensity solutions for practical prediction of component life.  
The fracture mechanics approach isolates crack propagation from initiation, and in terms 
of a precise near-tip mechanical driving force, ΔK. However, the fracture mechanics approach to 
corrosion fatigue can be compromised by various factors. In addition to the complications arising 
from crack-tip plasticity (which may affect the assumption of linear, elastic conditions for K) and 
crack closure effects (which can be accounted for if ΔKeff is known), environmental effects can 
complicate the requirement of similitude. Another disadvantage of the fracture mechanics 
approach is that it may not provide a meaningful description of crack “nucleation” especially in 
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cases where cracks are observed to nucleate by processes (e.g., pitting and corrosion or cracking) 
that are unrelated to crack advance. 
Standard methods of fatigue crack growth (as defined in ASTM E 647) are generally 
applicable to corrosion fatigue crack growth tests. Some general aspects of corrosion fatigue 
crack growth are described below, and additional background is provided in Proceedings of  Int. 
Symp. On Plan Aging, and Life Prediction of Corrodible Structures, 1995 [Shoji,1995]. First, the 
environment must be contained about the cracked specimen without affecting loading, crack 
monitoring, or specimen-environment composition. Secondly, load-control, and environment 
composition must be stable throughout long-term testing. 
3.10 Corrosion Chamber 
Stainless steels or plastics are suitable materials for the environmental tests chamber, with 
copper used as the gasket material. The test chamber usually is equipped with a glass view that 
enables the operator to visually monitor the progress of the experiment. A complete sealing 
between specimen, and corrosion chamber is needed. High effective seals between plastic and 
metal surfaces are made with silicon rubber caulking compounds or latex rubber. Since, normal 
specimen movement or any sudden fracture event should be accommodated without catastrophic 
consequences. The decision to circulate the environment depends on the application, and the 
extent of any problems in controlling the environmental gases. The corrosion chamber and the 
sample position are shown below in Figure 3.6[A] and [B].  
3.11 Corrosive Environment 
To maintain an effective corrosive environment on the specimen without affecting 









cool mist from an ultrasonic humidifier, the mist is passed through a clean tube into the corrosion 
chamber. The prevailing water chemistry in the environment is an essential factor in any 
simulation environment. Accelerated fatigue cracking can occur in a number of environments, 
including seawater, salt water/salt spray. These must be reproduced as closely as possible in the 
laboratory. Concentrations at the level of parts per million can have profound effects on 
corrosion. Also, several variables must be measured, and controlled when simulating a corrosive 
environment; solution purity, composition, temperature, pH, dissolved oxygen content, and the 



























Figure 3.6: [B] Sample loaded on MTS810 servo-hydraulic Universal Testing Machine 
3.12 Analysis of Fracture Surface  
It is crucial to ensure accuracy of the crack monitoring technique, to identify branching, 
out-of-plane cracking, and to determine crack morphology. Accurate determination of crack 
growth on a cycle or time basis is required. Fracture surfaces of fatigue-fractured test specimens 
usually are examined by scanning electron microscopy (SEM) to determine the fracture path, and 
the fracture mode of the test material in relation to its microstructure. Such information is 
valuable in identifying the fracture mechanism in certain environment, and material 
combinations, and is used to assess the severity of the deleterious environment, and to aid in 
analyzing service failures. Fatigue in inert environments generally produces different fracture 
modes or fracture paths than does fatigue in deleterious environments. Also, the SEM 
micrograph is taken from the crack front initiation to the end of failure. Therefore, the variation 
of crack surface is investigated in sequence from the crack initiation to the end of crack failure.  
A characteristic observation on the growth of macro-cracks is the occurrence of striations 
69 
 
on the fatigue fracture surface. The striations are supposed to be remainders of micro-plastic 
deformations, but the mechanism need not be the same for all materials. Moreover, striations are 
not observed in all materials. The visibility of striations also depends on the severity of the load 
cycle. Furthermore, microscopic photography of a macro-crack has shown that the crack front is 
not a simple straight line and that the crack-tip is not necessarily a very sharp crack. The crack-
tip is rounded. Apparently, the geometry of the macro-crack level does not agree with the 
classical concept of a crack on elementary fracture mechanics (perfectly flat, straight, or 
elliptical crack front). However, for these cracks, fracture mechanics applications have been 
proven to be possible. 
3.13 Characteristics of LPS-3 Heavy-Duty Inhibitor (CPC)  
As stated above, LPS 3 Heavy-Duty Inhibitor is used in this study. It is provided from 
LPS Laboratories, Atlanta Headquarters, Illinois Tool Works Company. There are many kinds of 









, and so on. But, for multi-year protection, and water-displacing properties, LPS 3 
Heavy-Duty Inhibitor (LPS 3) is chosen as CPC. The properties are shown below.  
1. Multi-year protection  
2. Penetrating , and water-displacing properties  
3. Stops rust , and corrosion  
4. Provides non-sling lubrication  
5. Self-healing, waxy film.  
6. Provides anti-seize coating 

































4 EXPERIMENTAL RESULTS AND DISCUSSIONS 
4.1 Fatigue Test Objectives 
The aim of these experiments is to develop a further understanding of fatigue phenomena 
of friction-stir-welded aerospace structures so that it aids the prediction of fatigue life, and also 
to understand the effect of periodic overloads on fatigue life. The effect of environments [lab air, 
water vapor with or without Corrosion Prevention Compounds (CPC)], and different stress 
ratios, under low cycle fatigue will give a valuable insight into the fatigue fracture phenomenon 
of the FSW welded aerospace alloys i.e. Al-2195-T8, and Al-2219-T8. The fatigue test results of 
FSW butt joints Al-2195-T8 alloy, which is used in the super light weight tank of the space- 
shuttle, were determined. This material is deemed to be used on reusable space aircrafts, thus 
these results have important practical applications in determining the structural integrity of these 
butt joints, and also to make better design decisions. The FSW butt joints of Al-2219-T8 alloy 
which is extensively used in aerospace structures also presents interesting results in 
understanding the advantages of using the FSW process to weld these alloys, and ways in which 
it improves or decreases the structural integrity. CPC (LPS-3 Heavy duty corrosion inhibitor) 
was also used on these joints to understand its effect on fatigue life under corrosive environment.  
 The treatment of these joints with CPC has a beneficial effect (exclusion of moisture, 
and prevention of oxidation at the crack-tip) on the fatigue life, and on the other hand it also has 
the detrimental effect of the reduced friction between fraying surfaces (due to lubrication effect 
of the corrosion prevention itself), which decreases the RICC (Roughness induced crack 
closure). These synergistic actions of the chemical action of corrosion, and mechanical fatigue, 
however, have produced diverse and wide range results in various studies. The reason can be 
attributed to the large number of variables involved with this type of material behavior. The 
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exact degree to which corrosion affects fatigue life depends on the factors that influence fatigue 
such as stress level, frequency, stress amplitude, stress ratio, and stress history, as well as on 
corrosion parameters such as the type of environments (vacuum, dry air, water vapor, and salt 
vapor) , and exposure time. The mutual interactions of these phenomena fatigue life are studied 
in this research. But, in general in low cycle fatigue the increased time of exposure of open crack 
faces to corrosive environment during cyclic loading or even prior exposure of the metal surface 
to corrosive environments resulting in pitting, and corrosion of the metal surface significantly 
reduces the life of the component. Oxide debris or an oxide layer in the crack mouth can prop a 
fatigue crack open (OICC). The following factors are crucial in most investigations of corrosion 
fatigue life: 
1. Stress intensity amplitude (ΔK)  
2. Effect of fatigue frequency  
3. Effect of stress ratio  
4. Effect of environment. 
4.2 Fatigue Life Results and Analysis 
The friction-stir-welded Al-2195 specimens were tested according to ASTM-E647 with 
standard centre-crack M(T) specimen, with an initial saw cut crack at the weld-nugget region. 
The specimens are tested at a frequency of 2 Hz, and at two stress ratios, R = 0.2 and 0.3 under 
constant amplitude as well as variable amplitude loading conditions with periodic overloads. The 
specimens are subjected to humid as well as ambient conditions of environment with CPC, and 
without CPC. The results of the tests for specimen with CPC generally show the beneficial effect 
of CPC on fatigue life.  
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Table 4.1: Test results of constant amplitude tests with varying environmental conditions 
with FSW butt joint of Al-2195-T8 
Test Plan: Constant Amplitude 
Frequency = 2Hz 
Material: Al-2195-T8 
σmax = 100 MPa σmax = 100 MPa 
σmin = 30 MPa σmin = 20 MPa 
R = 0.3 R = 0.2 
Test Condition Fatigue Life Fatigue Life 
Lab air 53379 Cycles 47027 Cycles 
Lab air + CPC 73421 Cycles 64513 Cycles 
Water Vapor 52848 Cycles 46540 Cycles 












Figure 4.1: Variation of fatigue life of Al-2195 butt joints with different stress ratios under 
different environmental conditions 
Table 4.2: Test results of constant amplitude tests with varying environmental conditions 
with FSW butt joint of Al-2219 
Test Plan: Constant Amplitude 
Frequency = 2Hz 
Material: Al-2219-T8 
σmax = 100 MPa σmax = 100 MPa 
σmin = 30 MPa σmin = 20 MPa 
R = 0.3 R = 0.2 
Test Condition Fatigue Life Fatigue Life 
Lab air 30047 Cycles 27510 Cycles 
Lab air + CPC 41358 Cycles 37240 Cycles 
Water Vapor 27368 Cycles 24828 Cycles 



















Figure 4.2: Variation of fatigue life of Al-2219-T8 butt joints with different stress ratios 
under different environmental conditions 
From the results given in Table 4.1, and Table 4.2, and Figure 4.1, and Figure 4.2  it can be 
inferred that: 
1. Al-2195-T8 butt joints have better fatigue properties than Al-2219-T8 with fatigue life 
more than double under the same test conditions. 
2. Water vapor has a detrimental effect on fatigue life. The water vapor tends to oxidize, 
and corrode the crack faces during the fatigue cyclic loading. It is observed that the effect 
of water vapor is not prominent during the crack initiation process. But, the water vapor 
dramatically reduces the fatigue life during the crack propagation process, especially at 
the instant of failure.  
3. Fatigue life increases with an increase in stress ratio. 
4. The result of the tests with Corrosion Prevention Compounds (LPS-3) & water vapor 
generally show the beneficial effect of LPS-3 on fatigue life under humid conditions. The 
examination of the crack surfaces indicated that the LPS-3 compound had effectively 
permeated onto the crack surface reducing the detrimental effect of water vapor on the 
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crack surface thus increasing fatigue life. The fatigue life of the specimen with CPC 
under humidity was 25~28% greater than the specimen without CPC under humidity. 
There might be some small errors due to the small difference of the initial crack length, the 
surface finish or the misalignment when the specimen is fabricated or gripped in the testing 
machine. Generally, the tests with CPC (LPS3) & water vapor truly show the 28 ~ 33 % increase 
of fatigue life than the test with just water vapor at both stress ratios. Also, in order to see the 
effects of CPC on water vapor clearly, the frequency needs to be decreased to allow more time of 
crack face exposure. More tests should be run to validate the test results, and draw a complete S-
N plot. 
4.3 Effect of Overloads on Fatigue Life  
Service loads encountered are mostly random in nature. This load fluctuation can lead to 
fatigue crack propagation, the rate of which depends load interaction effects. Fatigue crack 
retardation phenomenon with the application of large tensile overloads can actually increase 
fatigue life. This increase in fatigue life is not predicted by any of the fatigue crack growth 
models, the amount of retardation in crack growth depends on the test material, higher the 
amount of ductility larger is the crack-tip plastic zone, and higher is the retardation. Increasing 
the magnitude or number of overloads can also increase fatigue life. The underlying mechanisms 
of this retardation need to be discovered to investigate the fatigue life effectively.  
The sign and sequence of overloads can have a tremendous influence on life. 
Appreciation of the retardation effect plays an important role in fatigue crack growth analyses, 
and test considerations. Ignoring the retardation effect could give life predictions that are too 
conservative, and have little engineering use. Test specimen prepared according to the ASTM 
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E647 standard gives specific guidelines about preparing pre-cracked specimens free of initial 
retardation effect (Care should be taken to avoid large pre-cracking loads which gives 
erroneously slow crack propagation). Single overload and interactions between periodic 
overloads are such cases. The retardation associated with the interaction between overloads 
controlled by the periodicity (spacing cycles between overloads) of the overloads is examined. 
Several mechanisms may act simultaneously to lead to a certain crack growth behavior. 
Usually plastic deformations are believed to dominate the crack opening scenarios in aluminum 
alloys. The order of tension or compression, or the number of times the overload is repeated 
influences the growth rate. Retardation is mainly a surface (plane stress) phenomenon in 
Aluminum alloys. With the application of periodic overloads, interaction between overloads is 
possible, and the fatigue life is enhanced. When two overloads are applied closely it leads 
towards acceleration rather than retardation since crack jump at each overload greatly exceeds 
the retardation in the following baseline cycles. There is a large range in which the retardation 
due to periodic overloads is worthwhile to study. 
 The periodicity is varied between 1000 cycles, and 3500 cycles with an overload ratio 
(OLR) of 1.5. Typically, crack closure does play a predominant role, but other mechanisms also 
contribute to retardation such as residual compressive stresses ahead of the crack-tip, shear lip 
effects, strain hardening etc. The effect of using CPC on the overload fatigue life is also studied. 
The load interaction is studied by controlling the number of spacing cycles (1000, 1500, 2000, 
2500, 3000, and so on) between overloads, the spacing between overload cycles was chosen 
keeping in mind the large range over which the retardation occurs. This study is used to 
determine the optimum spacing cycles between overloads for maximum fatigue life of the FSW 
butt joints of Al-2195-T8, and Al-2219-T8. 
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To perform the experiments with periodic overload, Test specimen were the standard 
centre crack M(T) specimen used previously. Loading is applied parallel to the direction of 
rolling. An overload ratio of 1.5 is used (OLR = Sol / Smax = 1.5). In this work, overload is taken 
as 150 MPa, the maximum stress of base constant cycling loading is Smax = 100 MPa, and the 
minimum stress of base constant cyclic loading is Smin = 30 MPa. Therefore, the stress ratio R = 
(Smin / Smax )= 0.3. The frequency of constant amplitude as well as overload is 2 Hz. 
The results from the periodic overload tests as showed in Table 4.3 show some 
interesting results. The fatigue life variation is affected by stress ratio; increase in stress ratio 
increases the fatigue life. 
Table 4.3: Periodic overload test results with FSW butt joints of Al-2195-T8 alloy. 
Tests with periodic overloads With FSW 
Butt Joints of Al-2195-T8 alloy 
Frequency  = 2 Hz 
σmax = 
100MPa 
σmin  =  
20MPa & 30 MPa 
Overload Ratio 1.5, σOL = 150MPa Fatigue Life 
Spacing cycles between overloads R = 0.2 R = 0.3 
1000 301602 Cycles 336666 Cycles 
1500 420823 Cycles 536004 Cycles 
2000 550245 Cycles 578344 Cycles 
2500 600061 Cycles 613334 Cycles 
3000 650317 Cycles 682454 Cycles 
3500 644203 Cycles 667987 Cycles 
 
The fatigue life retardation occurs throughout the range of spacing cycles from 1000-
3000 Cycles (Figure.4.3), there is a marked reduction in the fatigue life on the specimen with 
periodicity of 3500 cycles with a fatigue life of 644229 Cycles< 649500 Cycles which implies 
that the optimum spacing cycles between overloads is around 3000 cycles at this stress ratio, and 
a OLR of 1.5. Retardation occurs until a peak is reached, and beyond that there is acceleration in 
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fatigue crack growth rate. Constant amplitude crack growth rate with a K 22MPa m  is 













Figure 4.3: Variation of Fatigue life of Al-2195 FSW butt joints with increasing overload 
spacing cycles at stress ratio R=0.2, 0.3 
A normalization is achieved using NCA, which is the number of constant amplitude cycles 
for the crack to grow by an amount equal to the overload-induced plane strain plastic zone size 
where plastic zone size is defined as (2 x roly) =  1/{3π(Kol/Sy)}. For an OLR of 1.5 and for 
Friction Stir welded Al-2195 the calculated Irwin Overload plastic zone was found to be roly  = 
2.696 mm, calculating NCA  = 1600 Cycles. Calculating the delay cycles Nd from the expression 
reported earlier (Nd/NCA) = exp (5.13xOLR – 6.63)[Celik,2004], the number of delay cycles Nd = 
4641 Cycles with the application of each overload with a OLR of 1.5, and R = 0.3. Following 
this model the maximum retardation should occur at a spacing cycle of (Nd/2)~2320 Cycles, but 
our experiments showed a decreasing trend at 3000~3500 Cycles which is interesting to note, 
this could be due to the welding defects, process parameters of FSW etc. For Al-2024-T3 
specimen for which considerable data has been published, the delay cycles Nd~6000 Cycles 
(Figure.4.5) for OLR = 1.5 with a stress ratio of R = 0.2~0.3, If we consider the test specimen in 
Table 4.4, there is a decrease in fatigue life with a spacing cycle of 2500 Cycles without CPC, 
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and in ambient air when compared to the previous specimen with a spacing cycle of 2000 Cycles 
without CPC, this is approximately closer to the predicted Nd/2 value of 3000 Cycles in the 
parent material. 
Table 4.4: Periodic Overload tests with FSW butt joints of Al-2219-T8 with a comparison 
between specimen with CPC and without CPC 
Tests with periodic overloads With FSW Butt 
Joints of Al-2219-T8 alloy 
Frequency  = 2 Hz σmax = 100MPa σmin  = 30MPa 
Overload Ratio 1.5, σOL = 150MPa Fatigue Life 
Spacing cycles between overloads R = 0.3 
1000 Cycles / With CPC 472488 Cycles 
1000 Cycles/ Without CPC 351768 Cycles 
1500 Cycles / With CPC 488633 Cycles 
1500 Cycles / Without CPC 368105 Cycles 
2000 Cycles / With CPC 544087 Cycles 
2000 Cycles / Without CPC 378772 Cycles 
2500 Cycles/ With CPC 541245 Cycles 


































Figure 4.5: Variation of retardation with overload ratio, OLR  = Kol/Kmax for 2024-T3 , and 
7075-T6 alloys (All data at R  = 0.05–0.10, except the designated one at R  =  0.26) 
[Celik,2004] 
 
Table 4.5: Periodic overload test with spacing cycles of 1000 Cycles under different 
environmental conditions 
Tests with periodic overloads With FSW Butt Joints of Al-2195-T8 alloy , 
Frequency  = 2 Hz, σmax = 100MPa, σmin = 30MPa 
Overload Ratio 1.5, σOL = 150MPa R = 0.3 
Spacing cycles between overloads = 1000 Fatigue Life in Cycles 
Lab Air 331661 
Lab Air + CPC 598605 
Water Vapor 321367 
Water Vapor + CPC 520696 
 
The results also show that the use of CPC has a beneficial effect on the fatigue life with 
fatigue life increases in excess of 34% ~ 48% in case of specimen with periodic overloading. The 
periodic overloading results show that the fatigue life has increased manifold 7 ~ 12 times. Water 

















Figure 4.6: Variation of fatigue life with different environmental conditions, and effect of 
CPC on fatigue life of FSW butt joints of Al-2195-T8 at overload interval of 1000 Cycles, 
R=0.3 
 
Close examination of the failure surface shows that there are defects, and regions of 
residual oxide defects (ROD) in the dynamic recrystallization zone, which leads to micro-
cracks, and voids creeping in this zone, this significantly affects the crack growth 
morphology, and consequently the life of the specimen. This will be shown explicitly in the 
SEM micrographs discussed later in this chapter. However the fatigue life is generally 
increasing with periodic overloads, due to the overload plastic zone being developed around 
the crack, and the consequent compressive residual stress developed at the crack wake, the 
crack-growth proceeds gradually, and in stages. 
4.4 Fatigue Crack Growth Characteristics 
In Figure 4.7, the shape, and angle of fatigue crack growth phenomenon is shown 
where the FSW butt joints of Al-2195 were tested under different environmental conditions 
with CPC, and without it. 
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        [A]                [B] 
 
[C] 
Figure 4.7: Crack growth morphology of fatigue tested FSW specimen [A] Specimen tested 
with CPC , and periodic over load, stress ratio R = 0.3.[B] Specimen tested with CPC , and 
periodic overload, stress ratio R = 0.2. [C] Specimen tested with CPC and periodic 
overload, stress ratio R = 0.2, change in crack growth angle due to ROD in TMZ, HAZ 
junction. 
The observed fatigue crack growth behavior shows that the fatigue crack growth 
phenomenon proceeds from the initial tensile region which experiences ductile fracture to the 
region where it is transitioned into shear mode of failure, and finally brittle fracture as shown in 
Figure 4.7. The crack propagation depends on various factors such as crack closure, loading, and 
stress ratio. By observing the failure surfaces, crack propagation in the weld nugget region 
proceeds gradually in the initial tensile region in a linear fashion when the weld is defect free. 
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There are sudden changes in direction of crack propagation when it encounters oxide defects in 
welds, and voids in the weld nugget region. Though crack propagates faster in these regions the 
fatigue life is not affected significantly because of tortuous nature of crack propagation, and 
crack closure phenomenon. 
 
Figure 4.8: Different modes of fatigue 1. Initial ductile failure region. 2. Transition region. 
3. Final brittle fracture. 
The Figure 4.7 [B] shows the shape, and angle of fatigue crack growth phenomenon 
where the specimen was tested under variable amplitude loading with stress ratio 0.2 and 
overload cycle interval being 1000 cycles, the specimen had a life of 300,901 cycles under 
ambient conditions. The fractured surface did not show any weld-defects, the angle of crack 
propagation is fairly linear with no sudden changes in angle. The figure 4.3[C] shows the shape , 
and angle of fatigue crack growth phenomenon, the specimen was tested under variable 
amplitude loading with stress ratio 0.2 , and overload cycle interval being 1500 cycles, the 
specimen had a life of 421,711 cycles under ambient conditions. The fracture-surface showed 
blackened (oxidized) surface, and the crack proceeded through the weakest region. 
4.5 Micrographs and Analysis 
The optical microstructure of the 2195 Al-Li alloy in T8 temper consisted of a typical 
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pancake-shaped grain structure specimen. Detailed SEM observations occasionally revealed un-
dissolved Cu, and Fe containing particles are deposited along the grain boundaries. The 
micrograph shown in Figure.4.8 shows the different regions of the FSW butt joint. Dynamically 
stirred action zone (DXZ), the thermo-mechanically affected zone (TMAZ), Heat affected zone 
(HAZ). 
 
Figure 4.9: Micrograph illustrates the friction-stir-welded Al-2195 alloy with different 
zones (DXZ, TMAZ , and HAZ) [Oertelt,2001] 
 
Figure 4.10: High magnification micrograph of the DXZ region shows equiaxed grains 
[Oertelt,2001] 
Figure 4.9 shows the TEM image in the DXZ region, which shows equiaxed grain 
structure in this region with uniform grain size. Figure.4.10 shows the TMAZ region with 
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elongated grain structure; with this in purview SEM micrographs of the failure surface in the 
weld nugget region have been used to characterize the failure process. 
 
Figure 4.11: Leading edge of DXZ , and TMAZ shows a sharp change in equiaxed to 
elongated orientation [Oertelt,2001] 
The SEM observations show two significantly different types of behavior that are ductile 
fracture and brittle fracture. To investigate the failure process, failure surfaces at several 
locations from the initial crack region to the brittle fracture regions are observed carefully in 
sequence.  
Several pictures were taken using SEM along the crack surface in sequence. Observations 
of the micrographs show that the failure occurs along the grain boundaries. The crack growth 
rate is predominated by the crack closure effect with both intrinsic and extrinsic mechanisms 
acting in concert. With periodic overloading the crack growth retardation takes place, and the 
failure surface is characterized by striations, which indicate the size of the plastic zone around 
the crack-tip. In the constant amplitude mode the failure surface is rough, and crack proceeds 
faster. Plasticity Induced Crack Closure (PICC) plays a marginal role in crack propagation. The 
crack grows along grain boundaries, inter-granular fracture from initial tensile mode, and 












Figure 4.12: Fatigue tested with R = 0.3 with constant amplitude, water vapor , and without 
CPC, The fatigue life was 52,524 cycles with a frequency of 2 Hz. The maximum stress was 
100 MPa , and the minimum stress was 30 MPa, shows transition region from tensile to 
shear fracture. [A] Shows voids in DXZ region, in the mechanical action region of auger. 
[B] Tear dimples in fracture region. 
The specimen tested under constant amplitude condition show a distinctively rough 
surface (Figure 4.12) when compared to the specimen under periodic overloading conditions. 
The crack propagation rate was manifold faster as the PICC plays a small role in this mode. The 
crack growth is dominated by the intrinsic mechanisms like microscopic void closure under 
cyclic loading, extrinsic mechanisms like the presence of CPC, and water vapor have an effect 
on fatigue life CPC reduces the exposure to external environment, and has a beneficial effect on 
fatigue life, and increases the fatigue life by 20-35%. 
The micrograph in Figure 4.14 shows a high-resolution image of the failure surface in the 
tensile failure region with exposure to water vapor. The fracture surface shows the effect of 
moisture, and grain boundary embrittlement with cleavage fracture. The micrograph in Figure 













Figure 4.13: Fatigue tested with R = 0.3 with constant amplitude, water vapor , and without 
CPC, The fatigue life was 52,524 cycles with a frequency of 2 Hz. The maximum stress was 
100 MPa , and the minimum stress was 30 MPa. [A] The failure occurs in the [111] plane. 











Figure 4.14: Fatigue tested with R = 0.3 with constant amplitude, water vapor , and without 
CPC, The fatigue life was 52,524 cycles with a frequency of 2 Hz. The maximum stress was 






Figure 4.15: Shows microscopic dislocations. Specimen fatigue tested with R = 0.3 with 
constant amplitude, water vapor , and without CPC, The fatigue life was 52,524 cycles with 
a frequency of 2 Hz. The maximum stress was 100 MPa , and the minimum stress was 30 
MPa. [A] Microscopic dislocations. 
 
 
Figure 4.16: Fatigue tested with R = 0.3 with constant amplitude, water vapor , and without 
CPC, The fatigue life was 52,524 cycles with a frequency of 2 Hz. The maximum stress was 






Figure 4.17: Shows shear failure region. Fatigue tested with R = 0.3 with constant 
amplitude, water vapor , and without CPC, The fatigue life was 52,524 cycles with a 
frequency of 2 Hz. The maximum stress was 100 MPa , and the minimum stress was 30 
MPa. 
 
Figure 4.18: Shows tensile failure region. Specimen was fatigue tested with R = 0.3 with 
constant amplitude, water vapor and without CPC, The fatigue life was 52,524 cycles with 
a frequency of 2 Hz. The maximum stress was 100 MPa and the minimum stress was 30 
MPa. 
The micrograph in Figure 4.16 shows a typical tensile fracture with micro-voids in 
the equiaxed grain DXZ region.  Figure 4.17 shows area at the ends of the Joint (brittle 
fracture). This shear failure region shows the deposited precipitates, and failure along those 
grain boundaries. Figure 4.18 shows the tensile failure region where the striations are not 
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visible, this shows that during the initial phase of crack propagation the crack grows with 
PICC playing a role , and as the crack propagates through a considerable length the intrinsic 
mechanisms take over the crack propagation phenomenon. 
 
 
Figure 4.19: Fatigue tested with R = 0.3 with constant amplitude, water vapor , and without 
CPC, The fatigue life was 52,524 cycles with a frequency of 2 Hz. The maximum stress was 
100 MPa , and the minimum stress was 30 MPa.[A] the region shows dimple rupture. 
 
Figure 4.20: Fatigue tested with R = 0.3 with 30KN overload at 3000 cycle interval, the 
fatigue life was 6,81,171 cycles with a frequency of 2 Hz. The maximum stress was 100 MPa 
















Figure 4.21: Shows transition region. Specimen fatigue tested with R = 0.3 with 30KN 
overload at 3000 cycle interval, the fatigue life was 681,171 cycles with a frequency of 2 Hz. 
The maximum stress was 100 MPa , and the minimum stress was 30 MPa. [A] The region 












Figure 4.22: Fatigue tested with R = 0.3 with 30KN overload at 3000 cycle interval, the 
fatigue life was 681,171 cycles with a frequency of 2 Hz. The maximum stress was 100 MPa 






Figure 4.23: Fatigue tested with R = 0.3 with 30KN overload at 3000 cycle interval, the 
fatigue life was 6,81,171 cycles with a frequency of 2 Hz. The maximum stress was 100 MPa 
, and the minimum stress was 30 MPa. Figure Shows tensile fracture region at 1000 µm 
resolution shows tear dimples at grain boundaries. 
 
 
Figure 4.24: Fatigue tested with R = 0.3 with 30KN overload at 3000 cycle interval, the 
fatigue life was 6,81,171 cycles with a frequency of 2 Hz. The maximum stress was 100 MPa 














Figure 4.25: Fatigue tested with R = 0.3 with 30KN overload at 3000 cycle interval, the 
fatigue life was 6,81,171 cycles with a frequency of 2 Hz. The maximum stress was 100 MPa 
, and the minimum stress was 30 MPa.[A]Brittle failure region.[B] Tensile failure region, 













Figure 4.26: Fatigue tested with R = 0.3 with 30KN overload at 3000 cycle interval, the 
fatigue life was 681,171 cycles with a frequency of 2 Hz. The maximum stress was 100 MPa 














Figure 4.27: Fatigue tested with R = 0.3 with 30KN overload at 3000 cycle interval, the 
fatigue life was 6,81,171 cycles with a frequency of 2 Hz. The maximum stress was 100 MPa 
, and the minimum stress was 30 MPa. Tensile failure region, clearly indicating the crack 
closure phenomenon is very clear due to periodic overloading, the region of plasticity 











Figure 4.28: Fatigue tested with R = 0.3 with 30KN overload at 3000 cycle interval, the 
fatigue life was 6,81,171 cycles with a frequency of 2 Hz. The maximum stress was 100 MPa 
and the minimum stress was 30 MPa. Transition from ductile to shear failure there is a 
very clear demarcation. [A] Void indicating a weaker plane in the brittle fracture region. 
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The fatigue failure with periodic overloading is characterized by the crack retardation 
phenomenon, and crack closure phenomenon with overload plastic zones. The crack propagates 
in stages, and the interaction between the plastic zones creates the compressive stresses and the 
crack propagates gradually. The fatigue striations formed by the plastic zones are clearly visible 
in Figure 4.25, Figure 4.27. It was reported by Mills and Hertzberg [Mills,1975] that the 
maximum retardation occurs at “da / (2ryOL)”= 0.2 (independent of the overload ratio applied). 
This level of maximum retardation occurring at da = 0. 2* (overload induced plane strain plastic 
zone size) for 2024-T3 is also reported by, Tür and Vardar [Tur,1996]. The overload induced 
plastic zone at the crack-tip governs the retardation behavior. To evaluate the same for FSW butt 
joint of Al-2195-T8 alloy the SEM micrograph is used to find out the crack length “da” between 
overloads in case of n = 3000 cycles. If Sy (Yield stress) is taken as 270 MPa, and KOL is varied 
roughly from 33.8 MPa m
1/2 
(crack length a = 5mm at point 1 in Figure 4.8) to 44 MPa m
1/2 
(crack length a = 9mm at point 2 in Figure 4.8) and finally 54 MPa m
1/2 
(crack length a = 12mm 
at point 3 in Figure 4.8) as the crack grows through the test material. Then, theoretically 
0.2*2ryOL is varied from 0.2 mm (at point 1) to 0.26 mm (at point 2), and finally 0.42 mm (at 
point 3). The tested incremental crack length between overloads “da” from the SEM micrograph 
observation is shown in the Figure 4.27. It is varying from 0.2 mm (at point 1) to 0.4 mm (at 
point 3), which closely match the theoretical results. 
 
Figure 4.29: Cross section of joint welded at revolutionary pitch of 1.00mm/r [Liu,2003] 
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When the revolutionary pitch of FSW is greater than 0.53 mm/rev, a crack-like defect is 
formed, as shown in  Figure 4.25 in the lower half of the joint because of lack of heat input to the 
joint with FSW Al-6061. In this case, the tensile properties , and fracture locations of the joint 
are significantly affected by the defect [Liu,2003]. The crack propagation morphology revealed 
that there were sudden changes in crack propagation direction when the crack encountered the 
weak oxidized surfaces in the weld nugget region as shown in the Figures.4.30-4.33, though 
there were sudden changes in direction, the tortuous nature of crack propagation, and the fatigue 
crack closure phenomenon were still dominant, the defects creeping into the weld nugget region 
had a low impact on the fatigue life of the joint. These defects in the weld nugget region were 
regions of material bonding discontinuities in different planes occurring during the post weld 












Figure 4.30: Oxidized blackened surface Residual oxide defect (ROD) in the tensile failure 
surface. Fatigue tested with R = 0.3 with constant amplitude, water vapor and without 
CPC. The fatigue life was 52,524 cycles with a frequency of 2 Hz. The maximum stress was 






















Figure 4.31: Defective failure surface with lumps of precipitate , and signs of melting 
deposition along with blackened oxide deposition. Fatigue tested with R = 0.3 with constant 
amplitude, water vapor and without CPC, The fatigue life was 52,524 cycles with a 

















Figure 4.32: Shows defective failure surface with large voids in the weld nugget region. 
This micrograph is in the tensile failure region. Fatigue tested with R = 0.3 with constant 
amplitude, water vapor and without CPC, The fatigue life was 52,524 cycles with a 





























Figure 4.33: Defective oxide region across various transverse planes. Fatigue tested with R 
= 0.3 with 30KN overload at 3000 cycle interval, the fatigue life was 6,81,171 cycles with a 
frequency of 2 Hz. The maximum stress was 100 MPa and the minimum stress was 30 
MPa. 
4.6 Conclusions 
The welded butt joint samples were tested under various conditions of environment and 
loading conditions. The samples were tested with different stress ratios, the fatigue life increased 
with increased stress ratio. The effect of overloading with periodic overloads increased fatigue 
life by 10-12 times. The optimum periodic overload interval with OLR=1.5 was around 3000-
3500 cycles for Al-2195 specimen. The fatigue life was affected marginally in humid 
environments. The effect of using CPC on the specimen is considerable; there is a increase of 30-
38% in fatigue life of welded joints. This can be attributed to the effective shielding provided by 
the corrosion preventive compound against oxidation and embrittlement. The crack growth 
morphology depends on the integrity of the weld and the homogeneous distribution of material, 
even though in FSW the material is not melted the presence of ROD in the TMAZ zone as well 






direction in the region of the weakest region. The fatigue life is not affected significantly because 
of the effect of ROD because the fatigue crack closure phenomenon predominates the crack 
growth. The effect of crack closure on fatigue life is significant.  
The microstructural analysis revealed that the crack propagation is by inter-granular, and 
grain boundary fracture. Internal mechanism of consolidation of micro-voids plays a significant 
role in fatigue fracture. Also the effect of crack closure can be clearly seen. The specimen tested 
showed three regions of failure initial tensile region, shear mode, and final brittle fracture. The 
specimen tested with constant amplitude loading showed a distinct smooth surface. Fatigue 
striations could be clearly seen in specimen with overloading. The residual oxide defect due to 
process parameters of feed rate, rotation, and tool offset create residual oxide defects in the weld 
nugget region which were observed as blackened oxidized surfaces with heavy depositions of 
precipitates or even melting and agglomeration. Again the effect of crack closure is significantly 
affecting fatigue life, with the ROD having a marginal if not no effect on fatigue life. The 
specimen exposed to humid atmosphere showed grain boundary embrittlement, and fracture 











5 NUMERICAL ANALYSIS 
5.1 Introduction 
An effort has been made to evaluate the stress intensity factors numerically using finite 
element analysis and using analytical models available. Sub-routines were written in the Ansys 
parametric design Language (APDL). 
There are two approaches used to model the fatigue crack growth in this work traditional 
method  and the interface element method, which will be explained in detail in Section 5.5 and 
5.6. In the traditional FEA method the continuum is meshed with fine elements at the crack-tip  
and the node release scheme involves one element length per cycle[McClung,1989]. In the 
interface element method [Alam,2005] we model crack growth considering that energy is 
released whenever a new surface is formed. As the crack grows, new surface is formed along the 
fraying planes of the crack surface. As the fatigue loading is continued, the bonding strength 
which holds the material together decreases and when the applied stress approaches the critical 
bonding strength the crack propagates with the formation of a new surface and corresponding 
energy release. The basic algorithm used to model the fatigue crack growth phenomenon and 
calculating the stress intensity factors is elementary. A mesh is created that is suitably refined 
near the crack front. Remote loads are applied which are cycled between the maximum and 
minimum loads. The symmetrical structure is analyzed using quarter of the specimen, 
constraining it with symmetrical boundary conditions in case of traditional FEA, and half crack  
model with interface element modeling. As the crack growth cycles are applied the crack front 
nodes are released advancing the crack one elemental length. The total strain that is the sum of 
elastic and plastic strains are recorded at the end of each load step. The phenomenon of crack 
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retardation due to residual compressive stress at the crack-tip is demonstrated. Both plane stress 
and plane strain stress intensity factors have been evaluated under different loading conditions 
using 2D plane stress modeling.   Non-linear analysis was performed using elastic and plastic 
FEA under plane stress conditions. The bilinear inelastic isotropic hardening (an elastic-plastic 
model) is considered as the element material behavior. Large deformation effects were also 
considered during the nonlinear analysis. The crack growth simulation was based on the stress-
strain curve of the node point near crack-tip. The displacement near crack-tip, the stress-strain 
curve, and stress redistribution along the crack plane after overload were investigated during 
cyclic loadings. The specific results that are being aimed for are the effects of overload induced 
residual compressive stresses on the crack growth near the crack-tip.  
In addition the fracture mechanics stress intensity factor is evaluated and the fatigue life 
has been calculated using the analytical models available. The Paris model has been used to 
calculate the crack growth rate, and the theoretical fatigue life under constant amplitude 
conditions. The Wheeler‟s model [Wheeler,1972], which uses the effective stress intensity factor 
∆Keff to evaluate the crack growth rate, is used to calculate the fatigue life under variable 
amplitude conditions. The empirical constants for the material are used to evaluate the theoretical 
fatigue life of both Al-2195 and Al-2219. The empirical constants of the material i.e. C and m 
constants used and the fatigue life obtained, closely match the fatigue life data obtained using the 
experiments. We also use the effective cyclic stress approach proposed by Elber [Elber,1971] to 
evaluate the opening stresses , and fatigue life based on the effective cyclic stress. Overloads 
cause more plasticity, result in greater residual deformations (larger plastic wake), and 
effectively increase opening load. 
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5.2 Finite Element Programming 
5.2.1 Element Type 
This section describes some of the basic finite element issues associated with fatigue 
crack growth modeling and how they are addressed. In this analysis method 8 node PLANE82 
plane stress element is used for our analysis. Nonlinear material properties must be used to 
model plasticity induced crack closure. The bilinear stress-strain curve shown in Figure 5.1 is 
used for material modeling in our present study, an elastic-perfectly plastic material is being 
used, with H=0. In all cases, Von-Misses yield criterion is used with the associated flow rule. 
 
Figure 5.1: Bilinear Plasticity model 
5.2.2 Equation Solver 
The equation solver used is the Pre-conditioned conjugate gradient (PCG) solver with 
more than 50,000 degrees of freedom for all the models including 3-D models. The PCG is the 
most robust solver available with Ansys with large numbers of degrees of freedom. It is an 
indirect iterative solver which approximates the solution to a specified convergence tolerance. 
For the smaller 2D models the Ansys sparse solver is used. Because of the nonlinear nature of 
plasticity, non-linear solution control with automatic stepping is used to control convergence. 
The full Newton-Raphson method with adaptive descent is used to solve the non-linear 
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equations. Automatic time stepping is used to increase the number of sub-steps when 
convergence is not occurring within a given number of equilibrium iterations, or when the 
maximum equivalent plastic strain exceeds 15%. When convergence occurs rapidly the number 
of sub-steps is decreased to speed runtime. The non-linear solution control functions are implicit 
to Ansys and default parameters are used. 
5.2.3 Symmetrical Analysis 
All the geometries investigated contain at least 2 planes of symmetry, one on the crack 
surface where the crack growth is monitored and the other plane,  half way through the width , 
and thickness of the specimen (In case of Traditional FEA). In case of interface element method 
a half crack model is used. This fact is taken advantage of by modeling quarter of the specimen 
as shown in Figure 5.2, and by using symmetric boundary conditions. Modeling involves two 
dimensional plane strain model with dimensions as shown in the Figure 5.2.  
5.2.4 Material Properties 
The material was found to be elastic perfectly plastic with a yield stress y = 440 MPa , 
and a young‟s modulus of 77.2 GPa, for Al-2195 specimen. The surface traction that was applied 
on the top of the place was cycled between Smax=100 MPa , and Smin=30 MPa and 20 MPa with a 
corresponding stress ratio of R=0.3 and 0.2, and overloads to the tune of 150 MPa was applied to 
study its effects. 
5.2.5 Meshing 
Mesh was generated using Ansys, element size around the crack-tip was modeled to take 
care of crack-tip singularity. The PREP7 KSCON command, which assigns element division 
sizes around a key-point, is used in 2D plane stress analysis to create 2D crack-tip elements with 
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nodal singularity. This command removes the nodal singularity at the crack-tip. Adequate mesh 
refinement is used to capture all strain gradients of interest, and to avoid long run times.  
 
Figure 5.2: Geometry and size of the FE model in traditional FEA 
For 2D plane strain analysis with R=0 it has been suggested that there are at least 10 
elements contained in the forward plastic zone [McClung,1989]. Also for crack opening level 
stabilization to take place the crack-tip has to advance completely through the initial forward 
plastic zone [McClung,1989]. Too much refinement increases the run time, the increased number 
of nodes increases the time to solve as well as the number of sub-steps required to solve each 
load step. It also increases the number of load cycles before the required crack opening 
stabilization is reached. Because of this it is essential that the coarsest possible mesh be used. 
Since plastic zones are not known before analyses, an approximation of the plastic zone must be 




The mesh is created with da= 0.1rp. The maximum load is applied statically to the model, 
and the actual plastic zone size is checked to ensure adequate refinement. The formation of the 
plastic wake can be accomplished by advancing the crack-tip through the initial monotonic crack 
propagation zone. In reality the crack propagation takes place in very small increments over a 
large number of cycles. Unfortunately the finite element scheme specifies the crack propagation 
to be discrete, and the crack propagation to take place at the specified load, the limitation in 
traditional FEA where the crack advance has to take place every loading cycle is solved using the 
interface element technique. 
5.2.6 Crack-tip Propagation 
Many researchers suggest that the crack-tip be released on minimum load to aid 
convergence [McClung,1989] but this is not intuitive, and does not actually represent the 
physical reality since there are no mechanisms to explain crack growth on a closed crack. Instead 
they suggest that the crack growth take place at maximum overload [Newman Jr,1986]. With 
traditional FEA the crack-tip advance scheme involves node release immediately after the 
maximum load is applied, this was found to represent actual crack propagation more closely. The 
displacement and the stress strain curve near the crack-tip are recorded. In case of interface 
element technique the node release scheme is different which is explained in Section 5.5. 
5.2.7 Load Step Increment 
The external load step is applied with load increments over sub-steps. The increment size 
is decided by controlling the number of sub-steps. For cyclic loading 5 sub-steps are specified 
with a maximum of 50 sub-steps, and a minimum of 5 sub-steps. The size of the load increment 
is increased to 1/10
th
 of the size of the overload to account for the severe non linear behavior 
exhibited by the material under overloading conditions; the model is also subjected to constant 
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cyclic loading after overloading (Figure 5.3). The entire crack front propagates one elemental 
length perpendicular to the crack front, unloading then takes place. These loads cycles are 







Figure 5.3: Sequential loading cycles at a frequency of 2 Hz 
Plasticity induced fatigue crack closure is modeled by cyclically applying loads as 
described; the effect of overload is also simulated by applying periodic overloads between 
constant amplitude cycles. The residual stresses accumulated in front of the crack wake 
decreases the pace of crack propagation drastically, to understand this phenomenon we should 
know the magnitude , and shape of the residual stress field as well as the combined effect of the 
residual stress and applied stress on the fatigue crack growth rate. The displacement and the 
reaction forces of the node near the crack-tip were monitored. The crack-tip stress vs. strain 
curve at the same node was plotted. The strain was calculated as the sum of the elastic and the 
plastic strains. The combined effect of residual as well as plastic stresses along the crack plane 
was shown with the path operation command.  The results showed the influence of overload 
induced compressive residual stresses on the crack plane; the strain rate was drastically reduced.  
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5.3 Traditional FEA Results 
Various Cases are analyzed for both Al-2195 as well as Al-2219 specimens with post 
weld heat treatment (PWHT) material properties, The quarter symmetric constrained model  is 
analyzed with stress ratios 0.2 , and 0.3 with maximum stress at 100MPa, and minimum stress at 
20 and 30 MPa was used. The material properties as shown in the Table 5.1 were used for the 
analysis. The residual stress effect was also taken into consideration, from literature it is found   
that the residual stress after FSW welding in Al-2195-T8 is around 0 ~ 150 MPa [Staron,2002] 
so an average of 100 MPa is assumed .  A frequency of 2 Hz was used for loading, and a non-
linear analysis was performed with the full Newton-Raphson algorithm. The fracture mechanics 
stress intensity factors are calculated for a crack length of „a‟=5 mm and the fatigue life is 
calculated for the Middle Tension crack specimen using the Griffith- Irwin‟s Equation (Equation 
No. (5.10)). 
The mesh refinement study was conducted to determine the size of element length (Le) 
required along the crack plane. The parameter selected for rating mesh size was the ratio of the 
element length (Le) to the plastic zone size (rp). The equation of the plastic zone radius given by 
Irwin‟s expression assuming plane stress condition is given in equation (2.3). The value of KIC 
(Critical SIF) was chosen as 21 MPa.m
1/2
. To avoid the discontinuity between the crack stress 
and strain, element size less than (Le/rp) =0.1 are required to appropriately capture the crack 
plasticity effects. The element length size could be obtained as 0.5 mm. The fatigue life results in 
constant amplitude loading are presented in Table 5.2 which is 30-40% higher than the 
experimental results obtained. The variation of stress vs. strain in constant amplitude loading is 
presented in Figure 5.5 and Figure 5.6 for R=0.2 and 0.3 respectively. The strain value increases 
until the residual compressive stresses at the crack wake accumulate to reduce the strain rate. 
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1 Al-2195-T8 FSW welded 77.2  0.3 440 2.8 21 
2 Al-2219-T8 FSW welded 70.2 0.3 266 1.8 20 
 
Table 5.2: Traditional FEA results for crack propagation at constant amplitude loading 
Case#1 
Al-2195-T8: R=0.2 
(Smax=100 MPa, Smin=20 
MPa), a=5 mm 








(Smax=100 MPa, Smin=30 
Mpa), a=5 mm 








MPa, Smin=30 Mpa), a=5 
mm, R=0.3 








MPa, Smin=20 Mpa), a=5 
mm , R=0.2 
 




























Figure 5.5: Variation of Stress vs. Strain, R=0.2, Constant Amplitude loading Al-2195-T8, 
The graph shows that the stress vs. strain rate increases until the residual compressive 













Figure 5.6: Variation of Stress vs. Strain, R=0.3, Constant Amplitude loading Al-2195-T8 
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5.4 Overload Analysis 
An overload analysis was performed to evaluate the effect of overload on the crack 
propagation phenomenon. The stress vs. strain behavior gives a good indication of the effect of 
overload on the propagation, the strain rate is practically arrested and the strain rate is very slow 
after the application of overload. The overload analysis is performed with an OLR of 1.5, with 
stress ratios of R=0.2 and R=0.3, with maximum stress Smax=100 MPa, Smin=20MPa, and an 
overload stress of Sol=150 MPa. The material properties of Al-2195-T8 were used as indicated in 
Table 5.2. The graphs shown in Figure 5.7 and Figure 5.8 shows the variation of stress vs. strain, 
with the application of overload in the later part of the curve the strain rate is arrested, and varies 
within the same range with the application of cyclic loading.  For the calculation of the overload 
plastic zone, and the number of delay cycles after the application of overload using the 
Wheeler‟s model, the overload stress intensity factor was KOL=17.93, Kmin=2.369, using the 
effective stress approach ∆Keff =15.561, the Irwin‟s plastic zone size was Ry=0.439 mm,  The 
overload plastic zone size was  Rol=0.761mm. 
The number of delay cycles was calculated from the Wheeler‟s model Equation (5.1, 5.2), and 
using Forman‟s equation (Equation (2.8)). 
da
dN
Cp(F( K))  
(5.1) 



































Figure 5.8: Variation of Stress vs. Strain, R=0.3, Variable Amplitude loading Al-2195-T8. 






5.5 Interface Element Technique 
The phenomena of crack propagation, and interface de-bonding can be regarded as the 
formation of a new surface. Thus it is possible to model these problems by introducing the 
mechanism of surface formation. In this method the formation of the new surface can be 
represented by the death of an interface element in the finite element model, we use the birth  
and death option in ANSYS to kill elements when the bonding stress on that element exceeds the 
critical value.  The properties of the interface element represent the bonding strength of the 
material. As the cyclic load continues the bonding strength decreases between the surfaces and 
the crack propagates slowly, which is implemented with the change in material properties as the 
loading is continued. Wu and Ellyin [Wu,1996] studied fatigue crack closure using an elastic-
plastic finite element model. They followed an extension of Newman‟s node-release scheme.  
They used a truss element instead of a spring element and released one node after each cycle of 
fatigue load.  The interface elements employed are distributed non-linear truss elements modeled 
as links between the crack faces. The elastic plastic continuum is modeled as a plane strain 
element in 2D modeling. The non-linear truss elements are arranged in a predetermined crack 
path and they represent a potential failure surface. The relationship between the crack opening 
displacement and bonding stress is shown in Figure.5.9. When the opening displacement is small 
the bonding between the two surfaces is maintained, as the COD increases the bonding stress 
goes up to the critical value, as the COD increases the bonding strength is lost , and the surfaces 
are completely separated. 
The concept has been applied to a butt-welded joint. In the proposed method, the 
formation of new surface is represented by an interface element based on the interface potential 










Figure 5.9: Relationship between bonding stress , and COD for the interface 
elements[Alam,2005] 
As the cyclic load continues, the bonding strength decreases between the interacting 
surfaces and the crack propagates slowly. The cohesive crack growth based on the Dugdale-
Barenblett [Dugdale,1960] model is used with the effective crack being opened by a far field 
stress. Over the distance  the effective crack is being closed by local traction yld, which causes 
a negative stress. In the effective crack length or the crack-tip forward field zone the crack-tip is 
closed by compressive stresses as shown in Figure 5.10.  This results in the disappearance of 




























Figure 5.11: Coupled cohesive crack zone model [Ingraffea,2003] 
The cohesive crack zone model shown above in Figure 5.11 is useful for practically every 
situation: 
 Seems to mimic many process zone effects in many materials 
 Isolates fracture process model from surrounding continuum constitutive model 
 Condenses the process zone onto a curve (2D) or surface (3D) 
 The fracture process model is simple: generalized traction vs. generalized crack 
displacement 
 A step towards micromechanical modeling of the process zone, introduces a local length 
scale c 















The cohesive crack growth model is shown in the Figure 5.12 it indicates that nucleation takes 
place in the Cu, Fe inclusions voids coalesce to form new crack surfaces. This concept is 
implemented in ANSYS, and a code has been written for the simulation of crack propagation. 
Using this code, the fatigue crack growth rate and fatigue crack propagation life of a 2-D FEM 
model of a butt-welded joint for different stress ratios have been analyzed and presented. The 
variation of the crack opening displacement (COD) over crack lengths, crack-tip stress and strain 
over crack-tip stress have also been presented. The trend of fatigue crack growth rate is similar to 
results found in the literature. For validation, the predictions are compared with experimental 
results and reasonably good comparisons are found.  The method is relatively simple compared 
to other conventional FEM methods, and it eliminates the limitation of crack propagation of one 
element length per cycle, and also saves computer time significantly.  
 To determine the fatigue life by the Finite Element Method (FEM) the fatigue crack 
propagation rate with applied load must be calculated. Unfortunately, in traditional FEM the 
modeling of crack-tip propagation with fatigue load is complicated, which requires a numerically 
expensive program. The cracks do not generally propagate with each cyclic load. Because 
materials do not remember load history during cyclic load, the properties of materials are not 
changed after cyclic load. Therefore, in the traditional methods, the crack-tip mesh is redefined 
or the crack-tip node is released in each cycle and the crack propagates one element length in 
each cycle. But in reality, crack advance takes place in very small increments over many cycles. 
To reduce this limitation, the interface element approach is used in this analysis [Alam,2005].  
Basically in crack formation and extension, failure is the consequence of new surface formation 
accompanied by crack extension. Based on this idea, interface elements (nonlinear element) are 
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used between the crack faces, which explicitly model the formation of new crack surfaces 
[Alam,2005]. Using this method, the fatigue crack propagation life of welded and weld-repaired 
joints can be analyzed appropriately. Thus this research will help to assess the remaining life and 
structural integrity, of large welded and repair-welded structures (i.e. railway, bridges, aircraft, 
ship, oil, and gas pipelines, off-shore structures etc.) 
5.6 Traditional and New Approach 
 A crack-tip node-release scheme was suggested in [Newman Jr,1977], in which, a change 
in the boundary condition was characterized for a crack growth.  This was achieved by changing 
the stiffness of the spring elements connected to boundary nodes of a finite element mesh. Before 
Newman‟s work, investigators changed boundary conditions of the crack-tip node directly to 
obtain a free or fixed node. When the crack-tip is free, the crack advances by an element length.  
The approach Newman used to change boundary conditions was to connect two springs 
to each boundary node [Newman Jr,1977]. To get a free node, the spring stiffness in terms of 
modulus of elasticity was set equal to zero, and for the fixed ones it was assigned an extremely 
large value about 108 GPa (14.5 x10
9
 ksi) which represents a rigid boundary condition. 
McClung, Sehitoglu, and their collaborators have also investigated fatigue crack closure by the 
finite element method. Their model for the elastic-plastic finite element simulation of fatigue 
crack growth used a crack closure concept [McClung,1989]. They followed the node-release 
scheme at the maximum load, and assumed that the crack propagates one element length per 
cycle. 
The past use of finite element analyses had certain shortcomings, and in recent versions 
there have been tremendous improvements and have removed many of these limitations. For 
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example, to avoid numerical instability, schemes such as releasing the crack-tip node at the 
bottom of a loading cycle were adopted in certain studies, e.g. [McClung,1989]. They have not 
considered element bonding stress and surface energy, which are associated with crack formation 
and extension. They also did not consider the material properties change during cyclic loads. 
They applied symmetric boundary conditions at the crack plane and also assumed that the crack 
can propagate only in symmetric planes.  In this study, a crack can propagate in both symmetric, 
and anti-symmetric planes about the applied load.    
5.7 Theoretical Formulation for The Interface Element Method 
 The crack is formed when the applied stress exceeds the critical bonding strength of the 
material. The bonding strength decreases with cyclic load, and progressively becomes weak. 
Finally the atomic bonds lose its strength and breaks; the cracks form and extend slowly. The 
total stiffness of the material decreases with the decrease of bonding strength. As the cyclic load 
continues, the stiffness decreases, and the crack propagate slowly. Therefore, there is a close 
relationship between the bonding strength and crack propagation. In this method, the formation 
and the propagation of the crack are modeled by using the interface elements along a 
predetermined crack path. The mechanical behavior of the interface element is governed by the 
interface potential φ / unit area of the crack surface. There are wide choices for such a potential.  
In this analysis, the Lennard-Jones type potential [Masakazu,2000] is employed because it 
explicitly involves the surface energy g, which is necessary to form a new surface. The surface 













where γ, ro, n, and δ are surface energy per unit area, scale parameter, shape parameter , 
and crack opening displacement, respectively. The surface energy γ, which is required to form 
the new surface, is a material constant.  The values of the surface energy, and the other 
parameters n, and ro are found experimentally.  Thus the surface potential φ is a continuous 
function of opening displacement δ. The derivative of φ with respect to crack opening 
































To find the stress intensity factor, K from the crack opening displacement δ, the following 














 Where „a‟ is crack length, „ζ‟ is remotely applied stress, and ζy is the yield stress.  
Further the stress intensity factor can be calculated directly by using the ANSYS code, and in 
this study this approach has been used. After evaluating the stress intensity factor K, the fatigue 
crack growth rate can be calculated using the Griffith–Irwin empirical equation that fits the entire 
crack growth region.  
da
dN





Where R is the stress ratio, equal to ζmin/ζmax, Kcrit is critical stress intensity factor, m, 
and C are material dependent constants, ∆Κth is threshold stress intensity factor. The essential 
part of this equation (5.11) is to calculate the stress intensity range, ∆K. Since there is no closed 











∆K is usually assumed to relate the range of stress intensity factor, with the nominal 
stress range, ∆ζ and with the crack length, a; Y is a factor related to the specific geometry in 
question. In order to appropriately assess fatigue crack propagation in welded joints it is 
necessary to obtain accurate results for stress intensity factor solution in the crack propagation 
phase. Generally the stress intensity factor for a crack in a welded joint depends on the global 
geometry of the joint, which include the weld profile, crack geometry, residual stress condition, 
the properties of HAZ material, and the type of loading.  Therefore, the calculation of the stress 
intensity factor, even for simple types of weldments requires detailed analysis of several 
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geometric parameters, and loading systems. The two approaches that have mostly been used till 
now for assessing stress intensity factors for crack in weldments are the weight function method 
[Bueckner,1970], and the finite element method (FEM). The FEM enables the analysis of 
complicated weld geometry due to its great versatility. It is able to use elastic-plastic elements to 
include crack-tip plasticity.  In FEM the stress intensity factor can be calculated directly from the 
stress field or from the displacement field around the crack-tip. In this study FEM has been used 
for calculation of stress intensity factor using the concept of debonding. After integrating the 
above expression, the fatigue crack propagation life Np is obtained from the Equation 5.12. 
The debonding model and the fracture mechanics crack growth model are essentially the 
same. The debonding model is used for the calculation of range of stress intensity factor ∆K in 
Equation (5.11), and using Equations (5.10) and (5.12) fatigue crack growth rate and propagation 
life is calculated. All other values in Equation (5.11) are known or assumed. This Equation 
(5.10) is applicable for the entire three regions of the crack growth curve. Crack initiation growth 
rate or initiation life has not been modeled in this analysis. This model is being used for the 
calculation of crack propagation life taken just after the range of the threshold stress intensity 
factor. 
When the opening displacement is small, the bonding between the two surfaces is 
maintained. As the opening displacement increases, the bonding stress increases until it reaches a 
maximum value scr. With further increase of δ, the bonding strength is rapidly lost and the 
surfaces are completely separated. 
The mechanical properties of these two non-linear elements are characterized by the 
following sets of parameters, (γ, ro) , and (E, ζy, ht), respectively. The parameter γ, and ro are the 
surface energy, and the scale parameter of the interface. The parameters E, Sy and ht are Young‟s 
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modulus, the yield stress, and the tangent modulus (slope of plastic portion of stress-strain curve) 
for a multi-linear or bilinear material. The mechanical behavior of the idealized elastic-plastic 
















Figure 5.14: Mechanical properties of elastic-plastic continuum [Alam,2005] 
5.8 Finite Element Method for Interface Element Technique 
The bundle of nonlinear interface truss elements is arranged at the interface in the model 
where the simple crack is modeled. The nonlinear truss elements are used to connect each 
boundary node ahead of the crack-tip. They have different material properties (Young‟s modulus 
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and tangent modulus) arranged in increasing order of elastic modulus from the initial crack-tip 
end. The modulus is increased progressing from the value of Young‟s modulus of the continuum 
material at the crack-tip to extremely high values through the length of the crack; the values are 
increased following a linear interpolation scheme. These elements have the same cross sectional 
area and have the capability to take both tension and compression loads. 
 
Figure 5.15: A Schematic of the truss elements connected at the interface 
One end of the model is fixed and the other end is loaded. The cyclic loads are applied. 
After each cycle of loading the stress values of the interface elements in the effective crack-tip 
zone are compared with the critical bonding strength calculated from Equation. 5.7. Those 
elements crossing the critical bonding strength values of the material are killed using the element 
EKILL option available in Ansys (Element birth and death functions in Ansys are utilized to 
model the crack propagation based on the critical bonding strength). The material properties of 
the next set of interface elements are changed to values near the crack-tip after each step using 
the MPCHG command available in Ansys. This way after each cycle of loading this process is 
continued and the crack is propagated. The next element will elongate less and accordingly, the 
cross-section of the element will decrease or change slowly.  Similarly, after ten cycles, the final 
crack length is observed, and the stress intensity factor at the crack-tip (next to the killed 
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element) is calculated by defining the crack path and using the KCALC command.  From the 
stress intensity factor, the crack growth rate is calculated using equation (5.10) and the crack 









Figure 5.16: Finite Element Model[Alam,2005] 
5.9 Modeling Crack-tip Singularity in FEA 
Considering the mode I singular stress field on the crack plane, where  = 0. The stresses 
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(5.14) 
Figure 5.17: Irwin‟s crack-tip singular zone  is a schematic plot of syy, the stress normal to the 
crack plane, as a function of radial distance from the crack-tip. The stress intensity factor (KI), is 
related to the stress in Y direction at crack-tip singularity zone, and is described by this relation. 















Figure 5.17: Irwin’s crack-tip singular zone  
Since displacements can be determined with a higher degree of precision than stresses in 
an FEM model [Anderson,1995], Equation 5.15 tends to give a more accurate estimation of the 
stress intensity solution KI. Hence this approach is employed for estimating stress intensity 
factors for the cracks in welded joints. The greatest advantage of this method is that it can be 
used not only for flat plates but also for more complicated shapes and 3-D geometry such as 
weld reinforcements, as long as the stresses and displacement fields near the crack-tip can be 
estimated with reasonable accuracy by FEM. To obtain an acceptable degree of accuracy by this 
method, singular elements have to be created around the crack-tip and elements meshes near the 
crack-tip have to be fine enough so that the condition r→0 can be met. To pick up the singularity 
in the strain, the crack face should be coincident, and the elements around the crack-tip (or crack 
front) should be quadratic, with the mid-side nodes placed at the quarter points. Such elements 
are called singular elements.  
  To consider the effect of stress singularities, first, it is necessary to try and improve the 
modeling so that the singularity is removed and physically sensible to stresses result. Second, to 
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try and interpret singularities that persists in a physically meaningful way. To implement an 
approach using stress intensity factors in a general context, two types of companion analysis are 
usually required: analytical asymptotic to characterize local singular fields; and numerical 
analysis to capture participation in global configurations. The interface elements employed in 
this study (Figure 5.15) are the distributed nonlinear truss elements existing between surfaces 
forming the crack surfaces. They are assumed to have zero mass, and zero volume. Figure 5.13 
represents a model of two linearly connected elements. The top element represents an elastic-
plastic continuum, which represents the plastic zone near the crack-tip. The non-linear truss 
element represents a potential failure surface. The relation between the bonding stress and crack 
opening displacement is shown in Figure 5.9. 
To take care of the stress singularity at the crack-tip, the KSCON command in ANSYS is 
used. ANSYS has the capability of evaluating the linear elastic fracture parameter K by using 
quarter-point crack-tip elements. In LEFM the stress intensity factor K is the relevant fracture 
parameter to characterize the stress and strain fields around the crack-tip, as originally described 
by Irwin [Irwin,1957]. Under mode I (crack-opening) loading KI may be compared with a 
material's fracture toughness KIC in order to predict the stability of a crack. To compute KI with 
the finite element method (FE), quarter-point crack-tip elements were introduced by Barsom 
[Barsom J.M.,1971]. These triangular elements are illustrated in Figure 5.18, and are available in 
ANSYS in two dimensions by modifying the PLANE82 element using the KSCON command 
and sizing the elements on a radius around the crack-tip . The nodes at the quarter-points 
adjacent to the crack-tip ensure that the displacements in the near-tip region are proportional to r 










Figure 5.18: LEFM Crack-tip elements[ANSYS,1995] 
 On completion of the FE analysis the mode I stress intensity factor for a cracked model 
with symmetry about the crack plane is derived from the equation. The stress intensity factor can 















 = Displacement in x2 direction at node B, C.  
 L = element dimension,  
  E ,   are shear modulus , and Young's modulus,   
 κ =(3-4 ν), where ν is Poisson's ratio.  
 Using the KSCON command, the nodes at the crack-tip are tied and the mid side nodes 
moved to ¼ points. Such a modification results in 1/ r strain singularity in the element, which 
enhances numerical accuracy [ANSYS,1995]. Triangular elements are preferable in this case 
because the singularity exists within the element as well as on the edges. The mathematical 
derivation that explains why moving the mid-side nodes results in the desired singularity for 
elastic problems is not in the purview of this work. When a plastic zone forms, the 1/ r 
singularity no longer exists at the crack-tip. Consequently, elastic singular elements are not 
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appropriate for elastic plastic analyses. The Figure 5.19 shows elements that exhibit the desired 
strain singularity under fully plastic conditions. The element is degenerated to a triangle as 
before, but the crack-tip nodes are untied, and the locations of the mid-side nodes are unchanged. 
This element geometry produces 1/r strain singularity, which corresponds to actual crack-tip 
strain field for fully plastic non-hardening materials. The benefit of plastic singular element 
design is that it allows the crack-tip opening displacement (CTOD) to be computed from the 
deformed mesh, as shown in the Figure 5.20.  The untied nodes usually occupy the same point in 








Figure 5.19: Plastic singularity elements [ANSYS,1995] 
For most problems the most efficient mesh design for the crack-tip region has proven to 
be the „spider web‟ configuration, which consists of concentric rings of four sided elements that 
are focused toward the crack-tip. The innermost ring of elements is degenerated to triangles, as 
described above. The mesh refinement should be greatest at the crack-tip. Figure 5.21 shows a 






Figure 5.20: Behavior of coincident nodes at the crack-tip[ANSYS,1995] 






Figure 5.21: ‘Spider-web’ configuration[ANSYS,1995] 
 Elastic-plastic problems require more mesh refinement in regions of the body where 
yielding occurs. When a body experiences net section yielding, narrow deformation b, ands often 
propagate across the specimen. When the purpose of analysis is to analyze crack-tip stresses and 
strains, a very high level of mesh refinement is required. As a general rule, it is desirable to have 
at least 10 elements on the radial line in the region of interest. In the interface element technique, 
the crack-tip is modeled using the KSCON command, which modifies the mesh as shown in the 
figure. 
5.10 Extraction of Stress Intensity Factor SIF 
Once the analysis is performed we use the POST1 post processor to evaluate the fracture 
parameters. The stress intensity factor is evaluated using the POST1 KCALC command. The 
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following procedure is used: 
 Define a local crack-tip or crack front co-ordinate system using the LOCAL 
command with X parallel to the crack face, Y perpendicular to the crack face as 







Figure 5.22: Crack-tip co-ordinate system[ANSYS,1995] 
 A path is defined on the crack face using the PATH command. The first node on the 
path is the crack-tip node as shown in Figure 5.23. 








Figure 5.23: Path definition[ANSYS,1995] 
5.11 Overall Methodology Followed for Fatigue Life Calculation 
1. The critical stress intensity factor for short-term fracture Kcrit, material constants C and 
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m, and the threshold stress intensity factor range ∆Kth(R) as a function of R for the 
material to be analyzed is determined or collected from literature (∆Kth(R) as a function 
of R could be found [Hafley,2000]).  
2. The values of the surface energy per area , the scale parameter ro, and the shape 
parameter, n for the material are determined experimentally or collected from literature.  
3. The Finite Element model is created and the interface elements are introduced in the 
possible crack propagation directions (maximum stress concentration, weld defect, etc). 
The critical bonding stress, ζcr of the interface elements is determined using the equation.  
The plastic zone radius is calculated using the standard equation, and the elastic-plastic 
material properties are applied to the elements within the plastic zone. 
4. The cyclic load for a particular stress ratio is applied to the model, and after each cycle of 
loading the interface element-stress is calculated near the crack-tip. When any element 
stress exceeds the critical bonding strength, (which was calculated using equation (5.12), 
that element is killed. Thus after some cycles (10 to 20 or more) the crack propagation is 
viewed (only the active elements are viewed, and killed elements are kept hidden), and 
the final crack length is determined. For the same crack length and stress conditions, the 
stress intensity factor range, ∆K   is calculated using ANSYS. V.11. The fatigue crack 
growth rate and the fatigue life are calculated using equation (5.10) and (5.12).   
As an example a friction stir welded butt joint of an Al-2195 alloy is analyzed. An edge-
cracked specimen with symmetrical boundary conditions is modeled in ANSYS with a 
predefined crack path as shown in the figure. The model dimensions are according to the ASTM 
E 647 standard. A half crack model is analyzed with symmetry. The elastic plastic continuum is 
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modeled with Plane82 plane stress elements with a tangent modulus of 270 MPa, and a tensile 
strength of 550 MPa. 
The non linear interface is modeled as a series of nonlinear truss elements (LINK180) are 
arranged with increasing order of stiffness‟s from near value of the material near the crack-tip 
region to very high values (108 GPa) on the far side emulating the bonding strength between the 
crack surfaces. The interface elements have non-linear properties. In order to evaluate the value 
of the critical bonding strength the values based on Table 5.3: Interface Material Properties is 
used as interface element properties. 
Table 5.3: Interface Material Properties 
Material 
Interface 








Al-2195-T8 45 kN/m 0.05 6 7985 
Al-2219-T8 35 kN/m 0.05 6 6392 
One end of the specimen is fixed and traction is applied at the other end. The edge crack is 
initiated as shown in the Figure 5.24. To take care of the crack-tip singularity crack-tip singular 
elements is used to define the edge of the crack-tip; this effectively eliminates the problem of 
crack-tip singularity. Sequential cyclic loading is applied at a frequency of 2 Hz as shown in 
Figure 5.25 and a nonlinear solution is performed with the full Newton-Raphson method using 
the PCG solver in ANSYS. After each cycle the crack-tip interface elements‟ stress is compared 
with the calculated critical stress value from the Leonard-Jones potential. 
If the stress values exceeded the element critical stress values then those elements are deactivated 
using the element KILL command in ANSYS, and simultaneously the stiffness of the crack-tip 
132 
 
elements of the newly formed crack-tip are changed emulating the changed material properties 
due to the crack propagation phenomenon. The stress intensity parameter values are evaluated 
sing the KCALC command. A path is defined along the crack-tip opening nodes for this purpose. 
The value of Mode-1 stress intensity factors are calculated for maximum and minimum stress 
values as Kmax and Kmin. The value of K is calculated which is used in the Griffith-Irwin‟s 































Figure 5.26: Von-Mises stress plot after crack propagation 
5.12 Results and Discussions 
The value of Kth is taken as 2.4, 2.8 Mpa m
1/2  
[Hafley,2000] for stress ratios of 0.2 and 0.3. 
Positive stress ratios are studied. The values of Kcrit, as is shown in Table 5.2 are recorded 
experimentally. Residual stress effects are taken as +0Mpa to 150 MPa [Staron,2002] so an 
average of 100 MPa is assumed. The value of the K after the crack has propagated around 1 
mm is extracted from the analysis from the FE model as well as the Irwin-Griffith equation. The 
Paris crack growth rate is assumed as C=3 x 10
-9
 and the parameter m=3.62 is used [G.E 
Co,2003]. It is assumed that the crack initiation phase in the weld joint is around 5% of the total 
fatigue life of the specimen, because of the defects in the weld nugget region. The fatigue crack 
growth rates as shown in the Figure 5.27 and Figure 5.29 shows that the fatigue crack growth 
rate decreases with increase in stress ratio, with increase in stress ratio at the same stress level the 
stress amplitude is lesser resulting in a decrease in crack growth rate. The critical stress intensity 
factor Kcrit for FSW butt joints of Al-2195-T8 was found to be around 20-22 MPa m
1/2








Figure 5.27 we can see that the predicted stress intensity factor near failure was around 24.1 MPa 
m
1/2
, this value is not the value of Kc at failure because of the limitation of FE model to predict 
failure, and it is fairly near the value of the Kcrit found experimental results found in literature. 
Difference in the crack growth rate for different stress ratios at high range of stress intensity 
factor is smaller than that at the low range of stress intensity factor. This may be due to the effect 
of the threshold stress intensity factor. At low stress levels the rate of crack propagation is low 
and the rate of change of stress intensity factor is also low. The variation of fatigue life with 
stress intensity factor for stress ratios of 0.2 and 0.3 is shown in the Figure 5.28. The fatigue life 
increase with lowering stress intensity factor and the trend is increasing towards infinity stress 
intensity factor reaches below the threshold value. At higher range of stress intensity factors the 
fatigue life decreases with increase of stress intensity factor range. At lower stress ratio the 
fatigue life decreases and at higher stress ratio the fatigue life increases. The Figure 5.29 shows 
the variation of crack opening displacement with crack length. The crack opening displacement 
increases with crack length. The variation of stress ratio seems to have little effect on the value 
of crack opening displacement; this is for the reason that the crack opening displacement is 
dependent on the maximum stress value. Since in this analysis the value of maximum stress was 
the same at both stress ratios of 0.2 and 0.3, the crack opening displacement seem to vary at the 
same rate at both stress ratios. Figure 5.31 shows the variation of crack-tip stress with crack-tip 
strain the crack-tip strain increases steadily with increase in crack-tip stress until the value 
reaches a peak and then there is a rapid increase in crack-tip stress before final fracture. Again 
the variation of crack-tip stress versus strain behavior is similar at both the stress ratios since the 
maximum value of stress was same for both stress ratios, the magnitude of crack-tip strain 
increases with higher maximum stress levels. The variation of crack opening displacement with 
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crack-tip stress is shown Figure 5.32, the crack opening displacement value increases with 
increasing stress value, until it reaches a peak value before reaching a critical value. 
 
Figure 5.27: Variation of fatigue crack growth rate with stress intensity factor 
 





Figure 5.29: Variation of SIF vs. Crack length 
 




Figure 5.31: Variation of crack-tip stress with crack-tip strain 
 





All the numerical work used in the analysis using ANSYS, standard convergence 
criterion was used for non-linear analysis. The PCG solver was used for the analysis. The PCG is 
the most robust solver available with Ansys with large numbers of degrees of freedom. It is an 
indirect iterative solver which approximates the solution to a specified convergence tolerance. 
The standard convergence tolerance of 0.01 is used with the use of CONVTOL command. 
Because of the nonlinear nature of plasticity, non-linear solution control with automatic stepping 
is used to control convergence. The full Newton-Raphson method with adaptive descent is used 
to solve the non-linear equations. Automatic time stepping is used to increase the number of sub-
steps when convergence is not occurring within a given number of equilibrium iterations, or 
when the maximum equivalent plastic strain exceeds 15%. When convergence occurs rapidly the 
number of sub-steps is decreased to speed runtime. The minimum number of sub-steps was set at 
5 and the maximum number was set at 50. The non-linear solution control functions are implicit 
to Ansys and default parameters are used. 
Mesh was generated using ANSYS, element size around the crack-tip was modeled to 
take care of crack-tip singularity. The PREP7 KSCON command, which assigns element division 
sizes around a keypoint, is used in 2D plane stress analysis to create 2D crack-tip elements with 
nodal singularity. This command removes the nodal singularity at the crack-tip. Adequate mesh 
refinement is used to capture all strain gradients of interest, and to avoid long run times. To 
obtain an acceptable degree of accuracy for the calculation of fracture parameters like SIF along 
the path defined by this method, singular elements have to be created around the crack-tip and 
elements meshes near the crack-tip have to be fine enough so that the condition r→0 can be met. 
To pick up the singularity in the strain, the crack face should be coincident, and the elements 
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around the crack-tip (or crack front) should be quadratic, with the mid-side nodes placed at the 
quarter points. Mesh refinement studies were conducted and the minimum mesh size was set at 
Le=0.1rp. 
5.14 Validation 
The prediction of fatigue life from the interface element modeling , and the experimental results 
obtained have been compared as shown in Figure 5.33, the fatigue life obtained with the 
interface element model compare with the experimental data the difference between the 
experimental data , and the fatigue life obtained by modeling is around 20-22%. This can be 
attributed to various parameters associated with FSW and the deterioration of material properties 
after welding also the prevailing environmental conditions in the laboratory.   
The parameters and dimensions used for modeling was the half symmetric model of the 
experimental specimen according to ASTM standard (470 mm x 25 mm x 4 mm). Also an edge 
cracked specimen with width 2 mm calculated according to the Irwin‟s  and Dugdale‟s plastic 
zone model have been analyzed , and we can see that the Stress Intensity factor values approach 
the Kcrit values for the material as the crack is progressed towards failure. Also the results from 
the traditional method of FEA have been compared with the experimental as well as the interface 
element technique. It is found that the fatigue life obtained from the Interface element technique 
match more closely with the experimental values obtained as shown in Figure 5.34. 
5.15 Conclusions 
The interface element modeling can be used to predict fatigue life of welded joints more 
accurately than the traditional method. It overcomes the limitation of the traditional node release 
scheme where nodes are released one elemental length every cycle, in the interface element 
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method a node is released only when the critical bonding strength of the interface is reached. The 
versatility of finite element modeling enables us to model various types of joints in future , and 
determine the fatigue life for damage tolerant design. 
 
Figure 5.33: Comparison between experimental and predicted fatigue life 
 
Figure 5.34: Comparisons of fatigue life predictions with experimental result. 
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6 CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The aim of this study was to determine the fatigue fracture phenomenon of FSW joints of 
Al-2195 and Al-2219, which were provided by Lockheed Martin, these welded joints are used in 
the construction of the space shuttle, and are being contemplated for use on reusable launch 
vehicles. For this purpose the welded butt joint samples were tested under various conditions of 
environment and loading conditions.  
 The samples were tested with different stress ratios, the fatigue life increased with 
increased stress ratio. Periodic overloading increased fatigue life by 10-12 times. The 
optimum periodic overload interval was around 3000-3500 cycles for Al-2195 specimen 
with an overload ratio of 1.5. The fatigue life was affected marginally in humid 
environments.  
 The effect of using CPC on the specimen is considerable; there is a increase of 30-38% in 
fatigue life of welded joints. This can be attributed to the effective shielding provided by 
the corrosion preventive compound against oxidation and embrittlement.  
 The crack growth morphology depends on the integrity of the weld and the homogeneous 
distribution of material, even though in FSW the material is not melted the presence of 
residual oxide defects in the TMZ zone as well as the DXZ zone affects crack 
propagation as the material gives way, and the crack changes direction in the region of 
the weakest region. The fatigue life is not affected significantly by the residual oxide 
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defects because the fatigue crack closure phenomenon predominates the crack growth. 
The effect of crack closure on fatigue life is significant.  
 The micrographic analysis of the fractured surface revealed that the crack propagation is 
by inter-granular and grain boundary fracture. Internal mechanism of consolidation of 
micro-voids plays a significant role in fatigue fracture. Also the effect of crack closure 
can be clearly seen. The specimen tested showed three regions of failure initial tensile 
region; shear mode and final brittle fracture. The specimen tested with constant amplitude 
loading showed a distinct smooth surface. Fatigue striations could be clearly seen in 
specimen with overloading. The variation of FSW process parameters of feed rate, 
rotation , and tool offset create residual oxide defects (ROD) in the retreating side of the 
pin tool which were observed as blackened oxidized surfaces with heavy depositions of 
precipitates or even melting , and agglomeration. The effect of crack closure is 
significantly affecting fatigue life, with the ROD defects having a marginal if not no 
effect on fatigue life. The specimen exposed to humid atmosphere showed embrittlement 
and fracture along brittle grain boundaries on close examination. 
 Numerical fracture mechanics analysis using ANSYS FEA V.11 software has been 
performed for fatigue life prediction. The interface element modeling has been used in 
this study to predict fatigue life of welded joints more accurately (within 10-20% of the 
experimental life) than the traditional method. It overcomes the limitation of the 
traditional node release scheme where nodes are released one elemental length every 
cycle, in the interface element method a node is released only when the critical bonding 
strength of the interface is reached , and this algorithm utilizes the physics of formation 
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of a new surface as the crack progresses along with an energy release. The versatility of 
finite element modeling enables us to model various types of joints in future and 
determine the fatigue life easily for welded joints, and for damage tolerant design. 
6.2 Recommendations for Future Work 
Overall the effort to determine the fatigue behavior of the friction stir welded Al-2195 
and Al-2219 has been successful. These welded structures are to be understood to a greater 
extent , and to determine the effect of process parameters , and other post weld heat treatment on 
fatigue , and other mechanical properties in university environment we need greater resources. 
There is a need for a basic FSW setup at our disposal to study the effect of process parameters 
and understand the process. The researcher would have greater insight if there were a visit 
arranged to the facility at NASA.  
The experimental setup to study the effect of environment on fatigue fracture needs to be 
more sophisticated. The ultrasonic humidifier used though it provided us with a constant source 
of mist there is constant condensation in the supply pipes and needs constant monitoring. The 
low cycle fatigue tests run for hours together and monitoring the supply pipes become difficult. 
There is a need for a greater understanding of the effect of CPC on fatigue life and to optimize its 
use in the industry.  There is a need for a good understanding of the effect of tool offset in self 
reacting friction stir welds and its effect on residual oxide defects creeping in on the retreating 
side of the tool in the weld. 
With numerical interface element modeling used successfully for fatigue life prediction 
in butt joint FSW structures, the same can be extended to analyze complex geometry and other 
types of joints. Careful consideration has to be given to place interface elements in the structure 
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and also predict the crack path. For different types of welds there would be a drastic change in 
properties from the parent metal to the weld metal and consequently strategies for placing of 
interface elements have to be evolved to study crack initiation. There are limitations using 
commercial FEA software like ANSYS V.11 for more rigorous modeling of complex structures, 
for example using element birth and death options in the middle of an analysis, and to restart the 
analysis at that time step inside a looping program is not supported, since any element 
deactivated or killed in the process would change the initial conditions of the problem. This 
shows that more complex analysis for a longer duration, and prediction of crack path would be 
very laborious. Dynamic re-meshing along with interface elements along the crack wake would 
be very useful to mimic the crack propagation phenomenon more accurately, and also to take 
care of the effect of crack-tip singularity. It will be useful to use software with ready modules for 
crack propagation, and to extend it to interface element modeling. The optimum mesh size ahead 
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